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VISIBLE  VERTICAL  CAVITY  SURFACE  EMITTING  LASERS 
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This  dissertation  explores  the  design,  fabrication,  and  characterization  of  visible 
(620  to  690  nm)  vertical  cavity  surface  emitting  lasers  (VCSELs),  consisting  of  in 
(AlyGai.y)xIni.xP  strained  quantum  well  optical  cavity  active  region,  surrounded  by 
AlAs/AlxGai.xAs  and  Alo.5lno,5P/(AlyGai.y)o^Ino.5P  distributed  Bragg  reflectors 
(DBRs).  The  lattice-matched  device  structures  are  grown  on  GaAs  substrates  by 
metalorganic  vapor  phase  epitaxy  (MOVPE).  The  key  design  and  fabrication  issues  are 
reviewed  and  contrasted  with  conventional  Gai.ylnyAs/AlxGai.xAs  near  infrared  (IR) 
VCSELs.  Design  trade-offs  and  quantum  well  gain  characteristics  are  examined  by 
studying  optically  pumped  structures.  Device  fabrication  techniques  are  developed,  and 
the  first  electrically  injected  visible  AlGalnP  VCSELs  are  demonstrated.  Prototype 
devices  operate  with  pulsed  current  excitation  at  room  temperature  with  a  maximum 
output  power  of  3.38  mW  at  a  lasing  emission  wavelength  of  650  nm  with  threshold 
current  densities  of  about  4.2  kA/cm^  and  threshold  voltages  of  about  2.7  V.  Due  to 
cavity  losses  and  unoptimized  gain  layer  design,  lasing  is  only  achieved  with  significant 
gain  contributions  from  the  second  (n=2)  quantized  quantum  well  state.  With  several 
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design  improvements,  pulsed  room  temperature  (23  ®C)  lasing  is  achieved  over  the  very 
broad  range  629.6  to  691.4  nm,  where  the  lasing  emission  above  650  nm  is  due  primarily 
to  gain  contributions  from  the  first  (n=l)  quantized  quanmm  well  state.  Fen*  conventitmal 
top-emitting  ion  implanted  devices,  efficient  room  temperature  continuous  wave 
operation  is  demonstrated  over  the  range  656.6  to  684.9  nm,  with  threshold  currents 
below  2  mA  (with  threshold  current  densities  of  about  2  kA/cm^),  threshold  voltages  of 
about  2  to  3  V,  and  output  powers  exceeding  0.5  mW. 
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Chapter  1  Introduction 


Semiconductor  laser  diodes  were  first  demonstrated  in  1962,  within  two  years  of 
the  first  ruby  laser  [Siegman  1986].  During  the  1970s,  GaAs/AlGaAs  laser  diodes 
emitting  in  the  near  infrared  (IR),  0.8  to  0.9  ^im,  were  developed  as  sources  for  fiber  optic 
communication  systems  [Casey  and  Panish  1978].  Subsequent  research  focused  on 
GalnAsP/InP  laser  diodes  for  emission  at  1.3  and  1.55  ^im,  where  silica  fibers  have  their 
lowest  dispersion  and  loss  [Agrawal  and  Dutta  1986].  Laser  diode  performance 
drastically  improved  during  the  1980s,  due  largely  to  advances  in  molecular  beam  epitaxy 
(MBE)  and  metalorganic  vapor  phase  epitaxy  (MOVPE).  These  techniques  are  used  for 
the  growth  (with  monolayer  precision)  of  quantum  well  lasers,  and  for  a  plethora  of  other 
"Bandgap  Engineered"  microstructures.  Today,  double  heterostructure  and  quantum  well 
GaAs/AlGaAs  edge-emitting  lasers  are  mass  produced,  inexpensive,  and  the  woikhorses 
of  the  photonics  industry  [Hecht  1993b].  Such  lasers,  emitting  a  few  milliwatts  at  780  nm 
in  a  single  transverse  mode,  are  the  "styli"  of  audio  compact  disc  players. 

The  study  of  diode  lasers  remains  one  of  the  most  active  areas  in  semiconductor 
device  research.  Much  of  the  recent  woric  has  centered  on  new  ni-V  and  E-VI  compound 
semiconductor  materials  for  shorter  wavelength,  visible  lasers  [Hecht  1993a].  Visible 
lasers  are  composed  of  GalnP/AlGalnP  fOT  emission  at  -560  to  690  nm  (green  to  red),  or 
ZnCdSe/ZnMgSSe  for  emission  at  -450  to  510  nm  (blue  to  blue-green).  The  first 
practical  red  lasers  (continuous  wave  operation  at  room  temperature)  were  demonstrated 
in  1985.  The  first  (prototype)  blue-green  laser  diodes  were  demonstrated  in  1991 
[Haase  et  al.  1991,  Gunshor  et  al.  1993]. 
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Compared  to  gas  and  solid-state  lasers,  semiconducUM:  lasers  have  the  advantage 
of  smaller  size  and  higher  efficiency  (typically  30  to  50%,  c<Miq)ared  to  1%  or  less),  and 
they  can  be  manufactured  in  large  quantities  by  using  microciicuit  falvication  techniques. 
While  several  laser  diode  device  geometries  have  been  studied  over  the  past  three 
decades,  the  majenity  of  manufactured  devices  are  individual  edge-emitting  lasers.  A  new 
type  of  laser  diode,  the  vertical  cavity  surface  emitting  laser  (VCSEL),  promises  to  do  fev 
photonics  what  integrated  circuits  did  fra*  electrcmics 

Figure  1.1  compares  a  visible  edge-emitting  laser  to  a  visible  VCSEL.  The 
primary  differences  are  the  physical  size  of  the  resonant  cavity,  the  construction  of  the 
mirrors,  the  geometry  of  the  emission  aperture,  and  the  direction  and  properties  of  the 
light  emission.  For  the  VCSEL,  the  resonant  cavity  is  typically  1  to  2X  thick  ^  =  Ao/n, 
where  Xq  is  the  free  space  emission  wavelength  and  n  is  the  refractive  index),  the  mirrors 
arc  distributed  Bragg  reflectors  (DBRs)  (otherwise  used  in  cities  as  high  reflectance 
coatings),  the  aperture  is  lithographically  defined  on  the  surface  as  a  circular  opening,  and 
the  round  emission  beam  is  straight-up,  perpendicular  to  the  wafer  surface.  For  the  edge- 
emitting  laser,  the  resonant  cavity  is  ~1.5  to  5kX  thick,  the  mirrors  are  cleaved  facets 
(along  {110}  planes),  the  aperture  is  intrinsic  to  the  device  geometry,  and  the  oval 
(astigmatic)  emission  beam  is  sideways,  parallel  to  the  wafer  surface.  VCSELs  have 
several  key  advantages  over  the  edge-emitting  lasers  including:  1)  surface  nramal  output, 
2)  a  circular  symmetric  output  beam  with  Gaussian  intensity  profile,  3)  a  low  beam 
divergence  (^  7®  full  angle),  4)  single  wavelength  emission  (linewidth  <  1  A),  and 
5)  ease  of  manufacture. 

One  of  the  major  attractions  of  surface  normal  emission  is  the  ability  to  fabricate 
monolithic  two-dimensional  (2D)  arrays  of  microlasers,  where  each  laser  can  be 
modulated  independently.  With  conventional  fabrication  technology,  vast  numbers 
(hundreds  of  thousands)  of  microscopic  "points  of  light"  can  be  defined  on  a  single  2  inch 
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Fig.  1.1  Comparison  of  visible  edge-emitting  and  vertical  cavity  surface  emitting  lasers. 
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diameter  GaAs  wafer.  The  circular  output  beams  are  easily  coupled  into  q>tical  fibers,  or 
focused  or  collimated  with  microlenslets.  The  VCSELs  can  be  tested  individually  at  the 
wafer  level,  greatly  reducing  manufacturing  costs.  Additionally,  the  as-grown  VCSEL  is 
complete  and  does  not  require  elaborate  post  fabrication  steps.  Although  the  VCSEL 
structure  is  more  complicated  than  that  of  the  edge-emitting  laser,  the  critical  epitaxial 
layer  compositions  and  thicknesses  are  accomplished  during  growth,  whereas  only 
micron  sized  feature  definition  is  required  during  device  fabrication.  The  disadvantages 
of  VCSELs,  compared  to  edge-emitting  lasers  include  lower  output  power,  higher 
temperature  sensitivity,  and  a  limited  range  (~0.8  to  1.3  pm)  of  emission  wavelengths. 

The  vertical  Fabry-Perot  cavity  surface  emitting  laser,  later  called  a  VCSEL, 
was  pioneered  by  a  research  group  at  the  Tokyo  Institute  of  Technology 
[Soda  et  al.  1979,  Iga  et  al.  1988].  The  first  device  was  composed  of  GalnAsP/InP,  with 
an  ~90  pm  thick  optical  cavity  and  metallic  mirrors  (the  top  metal  film  was  semi¬ 
transparent).  As  the  structure  evolved,  quantum  well  active  regions  and  DBR  mirrors 
were  added.  This  complexity  necessitated  the  use  of  the  more  mature  GaAs/AlGaAs 
material  system.  The  first  practical  GaAs  IR  VCSELs,  emitting  at  Xq  ~870  nm,  were 
demonstrated  in  1988  [Koyama  et  cd.  1989].  Recent  advances  in  strained  quantum  well 
GalnAs/AlGaAs  IR  VCSELs  emitting  at  Xq  ~980  nm  include  submilliamp  threshold 
current  [Geels  et  al.  1990],  low  threshold  voltage  (1.49  V)  [Lear  et  al.  1993],  and  high 
(100  mW)  output  power  [Peters  et  al.  1993].  Additionally,  the  first  practical  GalnAsP/InP 
VCSELs  emitting  at  1.3  pm  were  recently  demonstrated  [Baba  etal.  1993]. 

Prior  to  1991,  published  research  on  shorter  wavelength  (Xq  <  8(X)  nm)  VCSELs 
was  limited  to  all-AlGaAs  structures,  where  the  active  regions  were  composed  of 
GaAs/AlAs  multiple  quantum  wells  or  short  period  superlattices  [Gourley  and 
Drummond  1987,  Lee  et  al.  1991].  However,  the  efficiency  of  an  all-AlGaAs  active 
region  greatly  diminishes  for  emission  below  ~770  nm  due  to  nonradiative 


5 


recombination  and  poor  carrier  conHnement  A  mote  efficient  choice  fOT  visible  (ted) 
emissitMi  is  AlGalnP  active  regions.  Shorter  wavelengdis  ate  desirable,  for  example, 
because  the  storage  density  of  optical  discs  increase  as  the  measurement  wavelength 
decreases.  Shorter  wavelengths  are  also  impwtant  for  visual  applications.  As  shown  in 
Fig.  1.2,  the  human  eye  is  increasingly  sensitive  to  shorter  ted  wavelengths.  The  eye 
sensitivity  to  emission  at  640  nm  is  10  times  that  at  680  nm,  and  the  sensitivity  at  630  nm 
is  ~70  times  that  at  700  nm.  For  applicatimis  such  as  barcode  readers  or  projection 
displays,  much  lower  output  powers  can  be  used  with  lasing  emission  at  the  shorter 
wavelengths,  while  maintaining  equal  receptor  response.  Other  potential  applications  for 
visible  (620  to  690  nm)  AlGalnP  VCSELs  include  low  cost  plastic  fiber  communicatimis, 
optical  inteicminections  and  computing,  distance  measurements,  holographic  memmies, 
medical  diagnostics,  and  high  resolution  printing. 

The  focus  of  this  dissertation  is  the  design,  fabrication,  and  characterization  of 
visible  (620  to  690  nm)  VCSELs,  composed  of  AlGalnP  quantum  well  optical  cavity 
active  regions,  and  surrounded  by  AlGaAs  and  AlGalnP  DBRs.  The  development  of 
AlGalnP  visible  VCSELs  is  very  materials  and  growth  intensive.  The  pix^)er  design  of 
visible  VCSELs  requires  a  full  understanding  of  the  optical,  electrical,  and  thermal 
properties  of  the  constituent  materials.  Whereas  the  properties  and  optimal  growth 
conditions  of  AlGaAs  have  been  extensively  studied,  the  epitaxial  growth  and  properties 
of  AlGaiiiP  materials  and  devices  remains  a  very  active  and  relatively  new  area  of 
semiconductor  materials  research.  The  epitaxial  structures  described  in  this  dissertation, 
unless  noted,  were  grown  by  metalorganic  vapor  phase  epitaxy  (MOVPE)  at  Sandia 
National  Laboratories  under  the  direction  of  R.  P.  Schneider,  Jr.  Highlights  of  the  initial 
ground  breaking  studies  on  the  growth  and  properties  of  AlGalnP  bulk  and  quantum  well 
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Fig.  1.2  (a)  Relative  response  of  the  human  eye  to  visible  wavelengths,  and  (b)  relative 
eye  response,  divided  by  the  eye  response  at  680  and  700  nm.  Fot  the  "r^"  portion  of  the 
spectrum  (~610  to  780  nm),  the  eye  is  increasingly  sensitive  to  shorter  wavelengths. 
Data  from  Wyszecki  and  Stiles  [1982). 
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structures,  and  on  AlGalnP  and  AlGaAs  DBRs  for  visiUe  photonic  i4)plications,  appear 
in  some  of  the  figures  in  Chiq>ter  2  and  Appendix  A. 

The  dissertation  is  organized  as  follows.  Ch^ter  2  overviews  the  device  physics 
and  design  of  AlGalnP  visible  VCSELs  and  related  structures.  Chiq>ter  3  presents  data  on 
undoped,  q)tically  pumped  visible  VCSELs  with  both  AlGaAs  and  AlGalnP  DBRs.  The 
design  and  spectral  charactersitics  of  a  new  type  of  microcavity  device,  the  resonant 
cavity  light  emitting  diode  (RCLED),  are  presented  in  Chq>ter  4.  Chapter  5  contains  the 
characteristics  of  the  electrically  injected  visible  VCSEL  diodes.  Hnally,  a  summary  of 
the  research  results  and  suggestions  for  future  w(xk  are  given  in  Ch^ter  6. 
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Chapter  2  Physics  of  Visible  Resonant  Cavity 

Photonic  Devices 


2.1  Introduction 

This  chapter  outlines  the  design  of  visible  (620  to  690  nm)  vertical  cavity  surface 
emitting  lasers  (VCSELs)  and  related  rescmant  cavity  photcmic  devices.  For  our  purposes, 
visible  VCSELs  consist  of  an  AlGalnP  quantum  well  optical  cavity  active  region, 
surrounded  by  either  AlGaAs  or  AlGalnP  distributed  Bragg  reflectors  (DBRs).  In 
contrast,  the  widely  studied  (conventional)  infrared  (IR)  VCSELs  typically  consist  of 
GalnAs  or  GaAs  quantum  well  active  regions,  sunounded  by  AlGaAs  DBRs.  The  useful 
design  equations  are  drawn  from  standard  references  on  thin-film  optical  coatings,  and 
frcmi  the  last  decade  of  published  research  on  IR  VC!SELs.  Several  example  structures  are 
analyzed  in  detail.  These  structures  provide  insight  into  the  research  methodology  and 
experimental  results  presented  in  Chapters  3, 4,  and  S.  While  the  basic  design  principles 
of  IR  VCSELs  have  been  treated  elsewhere  [Iga  et  al.  1988,  Jewell  et  al.  1991],  this  is  the 
first  comprehensive  design  review  of  visible  VCSELs. 

The  Ch{q)ter  organization  is  as  follows.  Section  2.2  is  a  general  overview,  and 
includes  a  comparison  between  visible  VCSELs  and  visible  edge  emitting  lasers.  Next  in 
Section  2.3,  AlGalnP  optical  cavity  active  regions  are  (nesented.  This  is  followed  by  a 
discussion  of  distributed  Bragg  reflectors  (DBRs)  fOT  visible  photonics  applications  in 
Section  2.4.  Here,  some  example  DBRs,  grown  by  metalorganic  vapor  phase  epitaxy 
(MOVPE),  are  analyzed  in  detail.  In  Section  2.5,  some  general  pn^rties  of  multilayer 
Fabry-Perot  etalons  are  reviewed.  This  structure,  consisting  of  an  optical  cavity 
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surrounded  by  DBR  tnirrors,  is  the  optical  basis  for  VCSELs.  Section  2.6  contains  some 
design  considerations  for  complete  visible  VCSEL  structures  including  trade-offs 
between  DBR  doping,  quantum  well  gain  and  placement  in  the  t^tical  cavity,  cavity 
losses,  and  temperature  effects.  A  comparison  between  conventional  IR  and  visible 
VCSELs  is  also  included.  Finally,  the  chapter  conclusions  are  given  in  Section  2.7. 

2.2  Visible  VCSEL  Overview 

Figure  2.1  is  a  schematic  diagram  of  a  general  visible  (620  to  690  nm)  VCSEL 
structure.  The  structure  is  grown  by  MOVPE  on  a  GaAs  substrate,  and  can  be  divided 
into  three  optical  blocks:  1)  an  optical  cavity  active  region;  2)  a  top  DBR  mirror,  and; 
3)  a  bottom  DBR  mirror.  For  VCSEL  diodes,  the  DBRs  and  the  adjacent  optical  cavity 
active  regions  are  doped  n  and  p-typc.  Since  GaAs  is  highly  absorbing  at  the  wavelengths 
of  interest,  the  reflectance  of  the  bottom  DBR  is  made  ~1(X)%  and  emission  is  through  a 
t<^  coupling  DBR.  The  thickness  of  the  optical  cavity  is  typically  -2(X)  to  4(X)  nm, 
although  some  devices  use  cavities  as  thick  as  ~1.5  pm.  The  thickness  of  the  tq)  (output 
coupling)  DBR  is  typically  ~3  to  4  pm,  while  the  thickness  of  the  bottom  DBR  (high 
reflector)  is  typically  "4  to  6  pm.  The  VCSEL  is  essentially  a  very  high  finesse  (defined 
later),  asymmetric  Fabry-Perot  (etalon)  resonant  cavity  designed  for  lasing  operation  at 
“Koy  the  design  wavelength. 

An  important  characteristic  of  the  optical  cavity  (for  normal  incidence)  is  the 
phase  factor  8oc.  given  by  [MacLeod  1989] 


5^  _27tNdoc 


(radians) 


(2.1) 
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shown  is  the  DBR  reflectance  and  reflectivity  phase,  as  seen  from  the  optical 
cavity,  and  the  electric  field  intensity  on  resonance  and  refractive  index  profile  n 
the  optical  cavity. 
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where  N  is  the  ctmuplex  index  of  refraction,  and  doc  is  the  physical  thickness.  A  complex 
phase  factor  corresponds  to  absorption  in  the  medium.  Twice  the  phase  factor  is  the  phase 

shift  for  a  round  trip  pass  in  the  optical  cavity.  If  doc  "  u>o/2N.  with  u  =  1,  2.  3 . then 

2Soc  =  2k.  This  phase  plus  the  DBR  mintx’  phases  should  be  2x  at  Xo  (thus  satisfying  the 
noodal  condition  fen-  lasing).  Included  in  Fig.  2.1  is  a  plot  of  a  standing  wave  pattern  (on 
resonance)  overlapping  a  single  Gao.48lno.52P  quantum  well  that  is  centered  in  the  t^tical 
cavity.  The  position  of  the  quantum  well(s)  relative  to  the  standing  wave  peaks 
(antinodes)  is  a  critical  design  parameter.  This  is  discussed  in  more  detail  in  Section  2.6. 
The  important  characteristics  of  the  DBRs  include  the  reflectances  Rtop  and  Rbottom  (ns 
seen  from  the  optical  cavity),  and  the  reflectivity  phases  (<p),  all  of  which  are  functions  of 
wavelength.  Included  in  Fig.  2.1  are  example  DBR  reflectance  and  reflectivity  phase 
characteristics. 

It  is  useful  to  examine  the  gain  length,  required  threshold  gain,  required 
reflectance,  and  the  number  of  modes  of  VCSELs,  as  compared  to  standard  edge-emitting 
lasers.  For  edge-emitting  lasers  at  threshold,  the  round  trip  cavity  gain  equals  the  round 
trip  cavity  loss,  such  that  [Qisey  and  Pani^  1978] 

r  gih  =  Oi  +  ^  ln[  1/R]  (cm*l)  (2.2) 

where  F  is  the  confinement  factor,  gn,  is  the  gain  required  at  threshold,  ai  is  the  internal 
cavity  loss  coefficient,  L  is  the  gain  length,  and  R  =  VRi  R2  is  the  reflectance  of  the  two 
facets.  For  an  AlGalnP  stripe  geometry  gain-guided  edge-emitting  laser  emitting  at 
Xo  =  650  nm,  with  uncoated  cleaved  facets,  R  =  0.32  (n  ~3.6).  The  gain  length  is  equal  to 
the  device  length,  and  is  typically  300  pm  to  10(X)  pm.  For  growth  in  the  z  direction,  the 
confrnement  factor  F  =  FxFyF^,  where  Fyand  F^  are  the  transverse  (lateral)  confinement 
factors,  and  Fx  is  the  longitudinal  confinement  factor.  For  a  typical  AlGalnP  broad  area 
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edge-emitter  with  a  single  10  nm  thick  Gao.5Ino.5P  quantum  well,  Fy  *  0.04 
[Bour  et  al.  1993],  and  F*  =  F^  »  1.  Ignoring  cavity  loss  and  using  Eq.  (2.2)  with 
L  =  5(X)  ^im,  R  =  0.32,  and  F  =  0.04,  the  gain  at  threshold  is  gth  •  570  cm-l,  and  the 
modal  gain  (Fgo,)  required  at  threshold  is  ~23  cm*^  This  value  can  be  reduced  by  using  a 
high  reflectance  coating  on  one  of  the  facets.  The  edge-emitter  has  several  longitudinal 
modes,  separated  by  AX  =  Xo^/2nL  0.117  nm  [Saleh  and  Teich  1991].  If  the  spectral 
gain  width  from  the  active  region  is  15  nm,  then  over  125  longitudinal  modes  may 
oscillate. 

An  equation  similar  to  Eq.  (2.2)  for  VCSELs  is  [after  (Torzine  et  al.  1989] 

Fr  gth  d  =  OiL  +  +  0toc(doc  -  L)  +  ln[  1/R]  (unitless)  (2.3) 


with 


Oj  =  FzO,  +  (1-  Fjctp  -fOsaa  (cm**)  (2.4) 

where  0  ^  Fr  ^  2.0  is  the  relative  confinement  factor,  d  is  the  total  thickness  of  the  active 
layer(s),  L  is  the  physical  thickness  of  the  standing  wave  that  overlaps  the  quantum 
well(s),  Lm  is  the  penetration  length  of  the  mode  into  the  DBR  mirrors,  am  is 
scattering/absoipdon  loss  within  the  DBRs,  Oa  is  the  free  carrier  loss  within  the  quantum 
wells,  ttp  is  the  free  carrier  loss  within  the  passive  layers,  and  Uscat  is  scattering  loss 
throughout  the  cavity  due  to  sidewall  roughness.  The  term  aoc((^-L)  accounts  fcH*  the 
passive  absorptive  losses  in  an  extended  optical  cavity  (i.e.  when  the  optical  cavity 
thickness  doc  >  V2).  For  VCSELs  with  diameters  >  5  pm  and  growth  direction  along  the 
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z-axis,  Fx  =  Fy  »  1  (transverse  confinement).  The  longitudinal  confinement  factor  Fz  is 
given  by  [Corzine  et  ai  1989] 


Fz  = 


£  ^(z)  dz 


£  ^(z)  dz 


(unitless) 


(2.5) 


where  the  relative  confinement  factor  is  defined  from 

Fz  ={^Fi  (unitless)  (2.6) 

The  longitudinal  confinement  factor  is  illustrated  in  Fig.  2.2.  For  a  single  d  =  10  nm  thick 
Gao,48lno.52P  quantum  well  visible  VCSEL  structure  designed  for  Xo  ”  650  nm, 
Fz  =  0.2145  and  L  =  90  nm  (found  numerically,  see  Appendix  C),  thus  Fr  =  1.93.  Using 
these  values  with  gth  «  570  cm**  in  Eq.  (2.3)  and  ignoring  loss,  a  value  of  R  =  0.9989  is 
required  to  balance  the  equation.  For  the  VCSEL,  R  =  YRtop  Rbottom-  Since  emission  is 
desired  out  the  top  DBR,  the  reflectance  of  the  bottom  DBR  is  made  Rbottom  =  0.9999 
(~1.0).  Thus,  the  reflectance  of  the  top  DBR  must  be  Rtop  =  0.9979  to  reach  threshold 
with  the  given  gth-  The  modal  gain  (Fzgth)  required  to  reach  threshold  in  this  example 
calculation  is  ~122  cm*^ 

The  separation  of  Fabry-Perot  modes  in  the  VCSEL  is  given  approximately  by  the 
effective  free  spectral  range  (FSR)  [Jewell  etal.  1988,  Yeh  1988,  Kishino  etal.  1991] 

FSR  *  -  -  S-  (n™)  (2.7) 

2  nc«v  Leff 
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(quantum  well  area  beneath  central  standing  wave) 


(area  beneath  central  standing  wa^) 


Fig.  2.2  Illustration  of  the  longitudinal  confinement  factor  for  an  example 
mmdple  quantum  well  VCSEL. 
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where  ncav  is  the  average  refwtive  index  of  the  qitical  cavity,  and 

Lcff  =  ^I)iop  +  ^Pboiian  +  ^  (““)  (2.8) 

is  the  effective  cavity  length.  The  effective  cavity  length  is  detennined  by  the  penetration 
depths  of  the  standing  wave  into  the  two  DBRs  [Babic  and  Corzine  1991],  and  the  optical 
cavity  thickness  doc  as  given  in  Eq.  (2.1).  The  penetration  depth  at  normal  incidence  is 
found  from  [Jewell  etcd.  1988] 


**  4jcnc« 


(ran) 


(2.9) 


where  d<p/dAo  is  the  slope  of  the  DBR  reflectivity  phase  at  Xq.  As  shown  in  Fig.  2.1,  this 
slope  is  ~linear  at  and  around  Xq.  For  the  example  VCSEL  structure  with  doc  =  2X 
(~406  nm)  and  f  pbottom  “  (d9/dX.o=  0.0534  radian/nm),  then 

Leff  >»  1.53  lun.  Then  by  using  Eq.  (2.7)  with  Xo  =  650  nm  and  iV:av  =  3.2,  the  free 
spectral  range  FSR  *«  43  nm.  With  a  quantum  well  spectral  gain  width  of  15  nm,  only  one 
longitudinal  mode  may  oscillate. 

23  AlGalnP  Optical  Cavity  Active  Regions 

Optical  cavity  active  regions  consist  of  gain  layers,  such  as  quantum  wells, 
surrounded  by  cladding  (larger  energy  bandgap)  spacer  layers.  The  total  optical  thickness 
of  the  layers  is  designed  to  be  a  multiple  of  a  half  wavelength  Xo/2,  where  Xo  is  the 
wavelengdi  on  resonance  (i.e.  the  design  wavelength).  Thus 
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u  =  l,2.3....  (nm)  (2.10) 

whoe  n/  is  the  (real)  index  of  refraction  of  layer  f  at  Xo,  d/  is  the  phy^al  thickness  of 

layer  f ,  u  is  an  integer,  and  N  is  the  number  of  layers.  Except  for  the  quantum  wells,  the 
layers  are  non  cv  nearly  nonabsorbing  at  Xo,  by  design.  For  this  reason,  Eq.  (2.10)  is 
useful  for  estimating  the  physical  thickness  required  of  layers  in  an  (^tical  cavity  active 
region.  A  full  accounting  of  absorption  and  other  loss  mechanisms,  for  example  via  the 
complex  indices  of  refraction  (N)  for  the  absorptive  layers,  is  best  accomplished  by 
numerical  computation  (see  Appendix  Q. 

The  advantages  of  using  strained  quanmm  wells  are  well  known  [Yablonovitch  and 
Kane  1986,  1988,  Zory  1993,  Hour  1993b].  In  strained  quantum  wells,  the  heavy-  and 
light-hole  valence  band  degeneracy  is  lifted  at  k  =  0  (the  F  point  in  reciprocal  space).  For 
Gai.xInxP  quantum  wells  in  biaxial  compression  (i.e.  O.S  <  x  ^  1.0),  the  energy  bandgap 
increases  due  to  the  strain,  but  it  also  decreases  due  to  the  change  in  ternary  composition, 
as  compared  to  Ga0.5In0.sP  lattice  matched  material.  The  net  result  is  a  decrease  in  the 
energy  bandgap.  With  compressive  or  no  strain,  the  upper  valence  band  is  the  heavy-hole 
band,  with  a  heavy  effective  mass  in  the  direction  perpendicular  to  the  plane  of  the 
interfaces  (used  to  calculate  the  energies  of  the  quantized  states),  and  a  lighter  effective 
mass  in  the  direction  parallel  to  the  growth  interfaces  (used  to  calculate  the  density  of 
states)  [Coleman  1993].  It  is  the  lighter  (parallel  or  in-plane)  effective  mass  that  affects 
optical  gain  and  thus  threshold  current  density.  The  snudler  effective  mass  results  in  a 
smaller  density  of  states  (DOS)  and  thus  a  smaller  transparency  carrier  density.  Also,  the 
peak  optical  gain  is  reached  at  a  lower  injected  carrier  density  [Lau  1993]. 

Figure  2.3  is  a  plot  of  the  calculated  peak  emission  wavelength  versus  quantum  well 
thickness  for  single  Gao.sInojP  (^unstrained)  and  Gao.44Ino.S6P  (~0.56%  compressive 
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Fig.  2.3  Calculated  peak  transition  wavelengths  against  quantum  well  thickness. 
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strain)  quantum  wells  surrounded  by  (Alo.4Gao^)ojIno.sP  barrier  layers.  (The  data  values 
used  for  the  calculation  are  given  in  Appendix  A,  where  AEc  =  O.dAEg).  The  emission  for 
the  unstrained  well  approaches  ~650  nm  as  the  well  thickness  iqrproaches  infinity  (Inilk 
value).  This  plot  demonstrates  that  the  ~630  to  680  nm  wavelength  emission  range  is 
readily  achieved  with  6  to  10  nm  thick  wells  by  varying  the  amount  of  compressive 
strain. 

Figure  2.4  is  room  temperature  phtMoluminescence  (PL)  data  from  three  different 
strained  quantum  well  optical  cavity  active  regions.  In  each  case,  three  ~10  nm  thick 
quantum  wells  are  separated  by  ~  10  tun  thick  (Alo.4Gao.6)o.sfiK)jP  barrier  layers,  and 
surrounded  by  (AlyGaoi.y)ojIno3P  with  y  *  0.4,  stepped  to  y  =  0.7  in  20  nm  thick 
Ay  s  0.1  inctenrental  steps.  The  triple  Gai-xhixP  quantum  well  compositions  are  x  «  0.56, 
0.54,  and  0.52  with  peak  PL  emission  at  675,  664,  and  653  nm,  respectively.  These 
structures  were  grown  on  (100)  GaAs  substrates,  misoriented  6®  toward  the  nearest 
<1 1 1>A,  at  ~775  ®C  (see  Appendix  A  and  B). 

The  strained  quantum  wells  described  above  must  be  below  a  certain  critical 
thickness.  This  insures  that  the  strain  is  acconurxxlated  by  elastic  deformation,  rather  than 
by  the  formation  of  misfit  dislocations  which  degrade  optical  efficiency.  Figure  2.5 
shows  the  calculated  critical  layer  thickness  for  a  single  Gai.xInxP  (0.50  ^  x  £  0.58) 
epitaxial  layer  grown  on  a  GaAs  substrate,  as  a  function  of  composition  [Ozasa  et  al. 
1990].  This  plot  shows  the  results  from  the  Matthews  &  Blakeslee  (force-balancing) 
model  for  a  single  strained  epitaxial  layer  grown  on  an  infinite  substrate,  and  for  a  single 
quantum  well  layer  surrounded  by  infinite  and  semi-infinite  lattice-matched  layers.  Also 
shown  is  the  result  from  the  People  &  Bean  (energy-balancing)  model.  This  data 
represents  a  first-order  design  criterion.  For  multiple  strained  quantum  well  (MQW) 
active  regions  an  effective  strain  can  be  used,  as  outlined  by  Vawter  and  Myers  [1989]. 


21 


600  620  S4Q  660  680  700 

V/AVELENGTH  (nm) 


Fig  2.4  niotoluminescence  intensity  of  three  example  step-gracted  hairier, 
separate  confinement  heterostructure  (SCH),  optical  cavity  active  regions.  The 
strain  in  the  quantum  wells  is  increased,  leading  to  increas^  emission  wavelmgA, 
by  increasing  x  from  0.52,  to  0.54,  and  finaDy  to  0J6.  Unpublished  data 
[Schneider  1993]. 
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Fig  2.5  Critical  layer  thickness  and  the  corresponding  ccmipressive  strain  against 
Gai.xInxP  composititHi.  The  strain  is  relative  to  the  lattice  constant  of  GaAs. 
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2.4  Distributed  Bragg  Reflectors 

Distributed  Bragg  reflectors  (DBRs)  are  periodic  layered  structures  consisting  of 
alternating  quarter  wave  (X/4)  layers  of  low  (L)  and  high  (H),  usually  non  or  neariy 

nonabsorbing,  refractive  index  material  [Yeh  1988.  MacLeod  1989].  The  physical 
thickness  (d/)  of  a  XJA  layer  /  is  given  by 


d/  = 


4n/ 


(nm) 


(2.11) 


where  n/  is  the  real  refractive  index  of  layer  t.  The  q}tical  thickness  of  layer  /  is  d/n/. 
Since  n/  is  a  function  of  wavelength,  the  layer  f  is  a  quarter-wave  thick  only  at  Xq.  The 

DBR  structures  exhibit  resonance  reflection  of  electromagnetic  waves,  in  a  manno’ 
similar  to  the  diffraction  of  x-rays  by  crystal  planes,  hence  the  name.  While  thin  metallic 
layers  can  also  act  as  nooderate  to  high  reflectors,  the  metals  absOTb  a  significant  portion 
of  the  incident  light  and  are  thus  too  lossy  for  most  VCSEL  applications.  Dielectric  DBRs 
have  been  used  as  multilayer  optical  interference  Alters  for  many  years.  The  Arst 
semiconductor  DBR,  composed  of  GaAs  and  Alo.3Gao.7As  X/4  layers,  was  grown  by 
molecular  beam  epitaxy  [van  der  Ziel  1975, 1976].  Since  this  early  demonstration,  many 
groups  have  reported  III-V  compound  semiconductor  and  dielectric  DBRs  for  photonic 
device  applications  [Gourley  et  a/.  1986a,  1986b,  Thornton  et  al.  1984,  Tai  et  al.  1990, 
CHioa  et  al.  1991,  and  many  others]. 

Shown  in  Fig.  2.6  is  a  schematic  of  an  all  semiconductOT  DBR  high  reflector.  An 
incident  ray  and  some  of  the  resulting  multiple  reflecticms  are  traced  through  part  of  the 
structure.  At  each  interface  within  the  structure  the  same  fraction  of  light  intensity  is 
reflected.  Light  reflected  in  an  H  layer  undergoes  a  0  radian  phase  shift,  whereas  light 
reflected  in  an  L  layer  undergoes  a  it  radian  phase  shiA.  At  the  Bragg  design  wavelength. 
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\J2  =  dHnH4. 
(one  period) 


Fig.  2.6  Schematic  diagram  of  a  quarter-wave  distributed  Bragg  reflector.  An 
incident  wave  is  shown  propagating  through  the  stack,  along  with  some  of  the 
primary  and  higher  order  reflected  waves.  High  reflectivity  is  obtained  if  the 
resultant  reflecdons  are  in  phase. 
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the  components  of  light  resulting  fnxn  the  multiple  reflections  recombine  constructively 
(in  phase)  at  the  front  surface.  The  sum  of  the  reflected  wave  magnitudes  increases 
toward  the  value  of  the  incident  wave  magnitude  as  the  number  of  quarter  wave  layers 
increases.  The  reflectance  (R)  at  Xq  fcnr  the  structure  in  Fig.  2.6,  neglecting  absoqnion,  at 
nmmal  incidence  is  [Yeh  1988] 


R2N,= 


1  -(n,/no)(ni/n2)^ 


1  +(n,/no)(ni/n2)^J 


(unitless) 


(2.12) 


where  Np  is  the  number  of  DBR  periods,  ni  (=  oh)  is  the  tq>  X/4  layer,  and  n2  is  the 
subsequent  V4  layer  (=  nt),  and  this  HL  sequence  repeats  Np  times.  A  DBR  period  is 
defined  as  one  pair  of  LH  (or  HL)  X/4  layers.  Equation  (2.12)  indicates  that  the 
reflectance  increases  as  both  the  ratio  ni/n2  and  number  of  periods  Np  increases,  and  is 
equally  valid  if  the  L  and  H  layers  are  switched.  If  an  extra  half  DBR  period  is  added  to 
the  stack,  such  that  the  sequence  becomes  LHLH. . .  LHL  or  HLHL. . .  HLH,  then  the 
reflectance  is  [Bom  and  Wolfe  1975] 


R2N,+  1  = 


1  -(ni/no)(ni/n,)(ni/n2)^»’ 


1  +{ni/no)(ni/n,)(ni/n2)^. 


(unitless) 


(2.13) 


where  as  before,  ni  is  the  uppermost  X/4  layer.  Note  that  the  number  of  DBR  periods  in 
Eq.  (2. 13)  for  a  given  Np  is  actually  Np  +  0.5. 

For  common  VCSEL  diodes,  current  injection  is  through  doped  DBR  material  layers. 
The  conduction  and/or  valence  energy  band  offsets  at  each  interface,  if  too  large, 
signiflcantly  add  to  device  series  resistance.  Various  interface  grading  schemes  have  been 
effectively  employed  to  reduce  this  resistance  [Tai  et  al.  1990,  Chalmers  et  cd.  1993]. 
Although  the  DBR  reflectance  decreases  when  part  of  each  X/4  layer  is  compositionally 
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varied,  adding  additional  DBR  periods  ctu)  make  up  the  difference.  This  aspect  of  DBR 
design  for  VCSELs  is  discussed  in  mae  detail  in  Section  2.6.  For  VCSELs,  the  DBR 
optical  parameters  of  most  interest  are  the  reflectance  bandwidth,  the  reflectivity  phase 
dispersion,  the  phase  penetration  length,  the  losses  (absorptive,  scaner),  and  the  number 
of  periods  required  to  reach  a  certain  reflectance  at  Xo- 

2.4.1  Reflectance  Measurement  Set-Up 

A  schematic  of  the  set-up  for  reflectance  measurements  of  epitaxial  DBR  and  VCSEL 
structures  is  shown  in  Fig.  2.7.  A  broad  band  white  light  source  is  focused  onto  the 
material  surface  at  a  zero  angle  of  incidence.  The  reflected  light  returns  through  the 
focusing  lens  and  is  directed  into  an  optical  multi-channel  spectrum  analyzer  (i.e.  a 
grating  spectrometer  with  a  charge-coupled  device  detector  array).  The  lens 
magnification  is  typically  lOx  or  Sx  with  a  numerical  aperture  (NA)  of  0.21  or  0.18, 
respectively.  Thus,  the  lens  accepts  reflected  light  within  a  24  ^  cone,  and  some  minor 
smearing  of  the  reflectance  spectrum  is  expected.  The  measured  reflectance  is  normalized 
to  a  dielectric  mirror  standard  (>99.9%  reflectance  at  visible  wavelengths)  to  correct  for 
the  system  response.  The  resultant  reflectance  spectrum  is  semi-quantitative  since  relative 
rather  than  exact  values  for  the  reflectance  are  measured.  However,  this  measurement  set¬ 
up  provides  a  fast  method  to  characterize  DBR  and  VCSEL  structures,  returning  the 
essential  spectral  features  such  as  the  Fabry-Perot  resonance  dip  position  (discussed 
below)  relative  to  the  mirror  center,  and  the  reflectance  bandwidth.  The  system  is  also 
used  as  a  probe  station  to  measure  the  electroluminescence  spectra  of  fabricated  devices. 

2.4.2  AlGaAs  DBRs  for  Visible  Phottmics 

The  refractive  index  of  AlxGai-xAs  increases  with  decreasing  wavelength,  and  with 
decreasing  AlAs  mole  fraction.  Thus,  the  higher  the  energy  bandgap,  the  lower  the 
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Fig.  2.7  Schematic  diagram  of  the  reflectance  and  electroluminescence 
measurement  set-up. 
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refractive  index.  To  minimize  the  absorptive  losses  in  AlxGai.xAs  DBRs  at  wavelengths 
<  700  nm,  the  AlAs  mole  fraction  x  in  the  high  index  AlxGai.xAs  XIA  layer  is  chosen  to 
be  2;  0.4.  The  low  index  "kJA  layer  is  usually  AlAs  to  maximize  the  differential  refractive 
index  An  =  nn  *  n^,  since  the  reflectance  bandwidth  (AXbw)  increases  as  An  increases. 

Figure  2.8  is  the  calculated  reflectance  spectra  of  an  Alo.sGao.sAs/AlAs  DBR  high 
reflector  with  Xq  =  680  nm,  for  5  to  30  periods  in  5  period  increments.  The  high 
reflectance  zone  is  limited  in  extent  As  DBR  periods  are  added,  the  reflectivity  increases, 
and  the  number  of  oscillations  outside  the  reflectance  bandwidth  increases.  With  IS  or 
more  periods,  AXbw  remains  essentially  constant.  The  value  of  AXbw  (~30  nm  in 
Fig.  2.8)  can  be  estimated  by  [MacLeod  1989] 


(2.14) 


Figure  2.9  is  a  plot  of  the  calculated  reflectance  of  Alo.sGao.sAs/AlAs  DBR 
structures  (with  Xq  =  660  nm)  as  a  function  of  the  number  of  periods  for  two  similar 
structures  (a)  and  (b).  The  incident  material  is  Alo.sIno.sP>  which  is  typically  the  optical 
cavity  material  adjacent  to  the  DBRs  in  visible  VCSELs.  The  plotted  reflectance  is  that  as 
seen  from  the  optical  cavity  looking  out.  Structure  (a)  can  be  described  by  Eq.  (2.12), 
while  structure  (b)  can  be  described  by  Eq.  (2.13).  Over  40  DBR  periods  are  needed  to 
reach  R  =  0.9999  with  structure  (a),  while  29.5  DBR  periods  are  needed  to  reach 
R  =  0.999  with  structure  (b). 

The  measured  (solid  curve)  and  calculated  (dashed  curve)  reflectance  (at  normal 
incidence)  of  a  20  period  AlGaAs  DBR  grown  by  MOVPE  is  shown  in  Fig.  2.1(Ka),  and 
the  calculated  reflectivity  phase  is  shown  in  Fig.  2.10(b).  A  growth  list  for  the  DBR 
structure  is  given  in  Table  2.1.  The  reflectance  is  measured  as  described  in  Fig.  2.7.  The 
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Fig  2.9  Reflectance  versus  number  of  periods  for  AlAs/Alo.5Gao.5As  DBR  structures. 
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Fig  2. 10  (a)  Measured  (solid  line)  and  calculated  (dashed  line)  reflectance  of  a  20  period 
Al0.5Ga0.sAs  DBR  on  a  GaAs  substrate,  and  (b)  calculated  reflectivity  phase. 
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high  index  XI A  layer  is  a  composite,  coaqx>sedof  AlojGao^As  layers  surrcNinded  by 
5  nm  thick  Alo.7sGao.25As  layers.  The  low  index  X/4  layer  is  also  a  composite, 
composed  of  AlAs  layers  surrounded  by  S  nm  thick  Alo.7sGao.25As  layers.  Thus  the 
10  nm  thick  Alo.7sGaoj25As  barrier  reductitm  interface  layers  are  effectively  divided  in 
half,  and  are  part  of  both  the  low  and  high  index  XJA  layers.  The  thickness  requirement  for 
a  XJA  layer  is  given  by  Eq.  (2. 1 1).  For  a  c(»^)osite  X/A  layer  ctunposed  of  N  layers,  the 
sum  of  the  optical  thicknesses  of  the  individual  layers  must  total  a  quarter  wave,  such  that 

nAl<=^  (nm)  (2.15) 

/=!  ^ 
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Table  2. 1  MOVPE  Growth  List  for  AlGaAs  DBR  Sample  XC1019C 


Thickness  (A) 

Material 

Refractive  Index  atXo 

100.0 

GaAs 

3.83  -  i0.194 

304.2 

Alo.5Gao.5As 

3.541 

100.0 

Alo.75Gao.25As 

3.299 

(reocat) 

416.3 

AlAs 

3.111 

100.0 

Alo.75Gaojt5As 

3.299 

365.7 

AIosGaosAs 

3.541 

100.0 

Alo.75Gao.25  As 

3.299 

xl9 

416.3 

AlAs 

3.111 

50.0 

Alc.75Gao.25  As 

3.299 

substrate 

(n+)  GaAs  (100)  6® 

3.83  -  i0.194 

Bragg  wavelength 

Xo==650nm 
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For  the  structure  in  Table  2.1,  the  Alo.75Gao.25As  layo^  are  chosen  to  be  10  nm  thick. 
Thus,  the  thickness  of  the  high  index  Alo.5Gao.5As  layer  du  ~  365.7  A,  where 
6500/4  -  50(3.299)  +  50(3.299)  =  dH(3.541).  Note  that  the  last  V4  composite  layer 
includes  a  10  nm  thick  GaAs  capping  layo*.  This  layer  is  highly  absorbing  at  650  nm 
(a  =  37.5  X  103  cm'^  and  thus  the  10  nm  thick  layer  absorbs  ~3.7%  of  the  prc^gating 
energy),  but  is  used  to  reduce  the  contact  resistance  in  VCSEL  diodes.  The  reflectance 
bandwidth  of  the  measured  curve  in  Fig.  2.10(a)  is  slightly  smaller  than  the  calculated 
bandwidth,  suggesting  that  the  ccnnposition  of  die  high  index  AlxGai-xAs  layer  might  be 
slightly  off  with  0.5  >  x  >  0.6. 

2.4.3  AIGalnP  DBRs  for  Visible  Phottmics 

The  refractive  index  dispersion  for  (AlyGai.y)o5lnoi;P  alloys  lattice-matched  to 
GaAs  is  shown  in  Appendix  A,  Fig.  A.2.  The  construction  of  AlGalnP  "all-phosphide" 
DBRs  is  analogous  to  the  construction  of  AlGaAs  DBRs.  The  low  index  layer  is  typically 
Alo.5Ino.5P,  while  the  high  index  material  for  Xq  ^  620  nm  is  (Alo.2Gao.8)o.sIno.sP>  'This 
insures  that  the  DoR  is  nonabsorbing  within  the  quantum  well  optical  gain  spectrum 
(except  possibly  at  the  short  wavelength  tail).  Figure  2.1 1  is  a  3-D  plot  of  the  calculated 
reflectance  spectra  of  an  Alo.2Gao.8)o.5l*K).5P/Alo3ln03P  DBR  high  reflector  with 
Xq  =  660  nm,  for  0  to  30  DBR  periods  in  2  period  increments.  As  in  Fig.  2.8,  the  high 
reflectance  zone  is  limited  in  extent,  with  oscillations  outside  the  reflectance  bandwidth 
that  increase  in  number,  over  a  given  wavelength  range,  as  the  number  of  DBR  periods 
increases. 

The  actual  reflectance  at  a  given  wavelength  as  a  function  of  layer  thickness  does  not 
follow  Fig.  2.11  as  plotted,  if  small  incremental  amounts  of  material  are  added  to  the 
structure  such  as  during  epitaxial  growth.  This  is  because  Fig.  2.11  represents  the 
reflectance  only  for  discrete  numbers  of  DBR  periods.  To  illustrate  this  point,  the 


Fig  2. 1 1  Three-dimensional  reflectance  spectra  versus  number  of  DBR  periot 
A^.5*‘*0.5P/(Alo.2G*k).8)o.5^).5P  DBR  grown  on  a  GaAs  substrate.  The  Bragg 
wavelength  is  660  nm 
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calculated  reflectance  at  660  nm  and  normal  incidence  for  the  DBR  in  Fig.  2.1 1,  starting 
with  30  periods,  as  a  function  of  etch  depth  from  the  surface  is  shown  in  Fig.  2.12.  The 
reflectance  oscillates  as  incremental  bits  of  material  are  removed.  The  oscilladm  maxima 
occur  as  in  Fig.  2.11,  when  an  even  number  of  DBR  periods  are  inesent,  whereas  the 
minima  occur  when  an  extra  half  DBR  pmod  (a  low  index  layer  in  this  case)  is  present  at 
the  surface.  The  oscillation  maxima  and  minima  can  be  calculated  with  Eqs  (2.12)  and 
(2.13),  respectively.  This  behavior  is  very  useful  for  the  accurate  plaana  etching  of  DBRs 
[Vawter  et  al.  1993].  Moreover,  in  situ  reflectance  monitwing  systems  are  commonly 
used  with  dielectric  thin-film  deposition  systems,  for  example  to  accurately  deposit  a  high 
reflector  coating  composed  of  layers. 

Unlike  AlGaAs  DBRs  which  are  limited  to  ~600  nm  or  longer  wavelengths  (using  fOT 
example  an  AlAs/AlojCaojAs  DBR),  all-phosphide  DBRs  with  y  =  0.2, 0.35  and  0.6  for 
the  high  index  layer  can  be  made  for  Xq  ^  660, 615  and  565  nm,  respectively  [Schneider 
and  Lott  1993].  This  is  demonstrated  in  Fig.  2.13,  which  shows  measured  reflectance 
spectra.  Also  shown  is  the  calculated  reflectance  (for  the  given  number  of  DBR  periods) 
and  reflector  color  at  Xq.  The  reflectance  bandwidth  decreases  for  a  given  DBR  as  y 
increases  since  the  differential  refractive  index  An  decreases,  consistent  with  Eq.  (2.14). 
Also,  the  number  of  DBR  periods  required  to  reach  a  given  reflectance  increases  since  the 
nH/nt  ratio  decreases,  consistent  with  Eq.  (2.12). 

Figure  2.14  is  a  plot  of  the  calculated  reflectance  of  (Alo.2Gao.8)ojIno.sP/ 
Alo3lno.5P  DBR  structures  (with  X©  =  660  nm)  as  a  function  of  the  number  of  periods  for 
two  similar  structures  (a)  and  (b).  The  incident  material  is  taken  as  Alo.sIno.sP>  The 
plotted  reflectance  is  that  as  seen  fnom  the  optical  cavity  looking  out.  Structure  (a)  can  be 
described  by  Eq.  (2.12),  while  structure  (b)  can  be  described  by  Eq.  (2.13).  Over  60  DBR 
periods  are  needed  to  reach  R  =  0.9999  with  structure  (a),  while  44.5  DBR  periods  are 
needed  to  reach  R  =  0.999  with  structure  (b). 
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DEPTH  FROM  THE  SURFACE  (^m) 


Fig  2.12  Calculated  in  situ  reflectance  monitoring  data.  The  reflectance  at  normal 
incidence  is  shown  for  a  30  period  AlGalnP  DBR  as  incremental  amounts  (1  nm  sheets) 
of  the  epitaxial  material  is  removed.  The  Bragg  design  wavelength  for  the  DBR  is 
660  nm.  The  laser  monitor  wavelength  is  (a)  660  nm,  and  (b)  633  nm.  Calculated  using  a 
program  developed  by  G.  A.  Vawter  [1993]. 
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Wavelength  (nm) 


Rg.  2. 1 3  Con^arison  of  Alo,5liio.5P/(AlyGai.y)o,5lno  5P  distributed  Bragg 
reflectors  grown  on  GaAs  sutetrates.  Measured  data  (solid  lines),  calculated 
data  (dashed  lines)  [Schneider  and  Lx>tt  1993]. 
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Fig  2.14  Reflectance  versus  number  of  periods  for  Alo.5lno.5P/(Alo^Gao.8)o.5lno.5P 
DBR  structures. 
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The  measured  (soUd  curve)  and  calculated  (dashed  curve)  rcnectance  (at  normal 
incutence)  of  a  25  period  (Alo,2Gao  j)o.5l*‘0.5P/Alo,5l*>05P  DBR  with  Xq  »  660  nm  grown 
by  MOVPE  on  a  GaAs  substrate  is  shown  in  Fig.  2.1S(a).  and  the  calculated  reflectivity 
phase  is  shown  in  Fig.  2. 15(b).  A  growth  Ust  for  the  DBR  structure  is  given  in  Table  2.2. 


Table  2.2  MOVPE  Growth  List  iat  AlGalnP  DBR  Sample  XC0930A 
(A) _ Material _ Refractive  Index  at  Xp _ 


(repeat). _ _ _ 

470.1  (AlojGao.g)oJjIfl03P 

508.8  (Alo.5lnojP 

x25_ _ _ 

substrate  (n+)  GaAs  (100)  6* 


3.510 

3.243 


3.816 -10.178 


Br«Eg  wavelength  Xog660nin  Reflectance  Bandwidth  A>^w*33.2nm 


The  measured  reflectance  accurately  fits  the  calculated  reflectance,  as  in  Rg.  2. 1 3.  This 
helps  to  verify  the  accuracy  of  the  reftactive  index  dispersion  data.  The  slight  deviations 
at  the  shorter  wavelengths  are  due  most  likely  to  DBR  absorptance  which  is  not  included 
in  the  calculation. 

2.4.4  Dielectric  DBRs 

Many  amorphous  dielectric  materials  are  transparent  (minimally  absorbing)  to 
infrared  and  visible  wavelength  light,  and  typically  their  refractive  indices  vary  slowly 
with  wavelength.  Examples  and  their  approximate  refractive  indices  (n)  at  620  to  690  nm 
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Fig  2. 1 5  (a)  Measured  (solid  line)  and  calculated  (dashed  line)  reflectance  of  a  25  period 
Alo.5lno.5P/(Alo.2Gao.8)o.5lno.5P  DBR  on  a  GaAs  substrate,  and  (b)  calculated  reflectivity 
phase. 
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include  Si02  (1.45),  Ti02  (2.40).  Zr02  (1.95),  Nb205,  (2.30),  AI2O3  (1.63),  CaF2  (1.35), 
ZnSe  (2.54).  Part  or  all  of  VCSEL  DBRs  may  be  replaced  by  dielectric  X/4  layers  as 
previously  demonstrated  [Koyama  et  al.  1989,  Lei  et  al.  1991,  Scherer  et  al.  1992,  Baba 
et  al.  1993].  This  is  done  to  reduce  the  device  series  resistance  and  absorptive  losses,  and 
to  reduce  heating.  In  long  wavelength  (1.3  pm)  VCSELs  composed  of  GaInPAs/InP 
DBRs,  the  differential  index  is  small  and  many  thick  semiconductor  DBR  periods  would 
be  required.  As  shown  in  Table  2.3,  very  few  dielectric  DBR  periods  are  needed  to  reach 
R  ^  0.99  over  the  visible  wavelength  range. 


Table  2.3  Reflectance  Comparison  for  Selected  Quarter  Wave  Stacks.  The  incident 


medium  is  Al0.sln0.5P  (n  =  3.256).  the  substrate  is  air  (n  =  1.0),  and  Xp  =  650  nm. 


Number 
of  DBRs 

Si02/Nb205 
(n  =  1.45/2.30) 

CaF2^nSe 
(n  =  1.35/2.54) 

AlAs/A]o.5Gao.5As 
fn  =  3.1 11/3.541) 

Al0.5l'H).5lV(Al0.2Ga0.8)Inl 
(n  =  3.256G.530) 

0 

0.29128 

0.29128 

0.29128 

0.29128 

1 

0.62031 

0.71276 

0.39065 

0.35338 

2 

0.82776 

0.90897 

0.48668 

0.41500 

3 

0.92766 

0.97340 

0.57497 

0.47478 

4 

0.97060 

0.99241 

0.65306 

0.53167 

5 

0.98821 

0.99785 

0.72009 

0J8495 

6 

0.99530 

0.99939 

0.77628 

0.63416 

•V 

t 

0.99813 

0.99983 

0.82253 

0.67907 

8 

0.99926 

0.99995 

0.86006 

0.71964 

9 

0.99970 

0.99999 

0.89017 

0.75598 

10 

0.99988 

1.00000 

0.91412 

0.78829 
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Figure  2.16  shows  the  calculated  transmittance  (T  +  R  =  1)  and  reflectivity  phase  of 
example  dielectric  Fabry-Perot  etalon  structures  (discussed  in  Section  2.5).  Since  the 
differential  refractive  indices  are  large,  the  bandwidth  is  also  large.  Note  that  the 
transmission  resonances  at  Xq  =  650  nm  occur  at  the  energy  center  of  the  transmittance 
(or  reflectance)  bandwidth,  rather  than  at  the  wavelength  center  of  the  bandwidth.  The 
phase  penetration  lengths  for  the  structure  in  Fig.  2.16(a)  are  ~190  nm. 

2.5  Multilayer  Fabry>Perot  Etalons 

All-dielectric  multilayer  Fabry-Perot  etalons  (FPE)  consist  of  an  c^tical  cavity 
surrounded  by  DBRs.  These  structures  are  commonly  used  as  interferonteters  for  the 
precise  measurement  of  spectral  linewidths.  One  variation  of  the  multilayer  FPE  that 
closely  resembles  typical  VCSEL  structures  is  the  multilayer  Gires-Toumois 
interferometer.  This  structure  is  an  asymmetric  FPE,  such  mat  the  reflectance  of  one  DBR 
mirror  is  •  1.0  (100%)  within  the  wavelengths  of  interest,  while  the  other  (coupling)  DBR 
is  partially  reflecting.  A  schematic  diagram  of  an  example  all-semiconductor  FPE  is 
shown  in  Fig.  2.17.  This  structure  has  a  H  index  optical  cavity,  although  a  L  index  optical 
cavity  is  also  possible  (surrounded  by  H  V4  layers).  In  VCSELs,  the  average  index  of  the 
optical  cavity  is  usually  H'  (ht  <  nn-  <  nn).  as  compared  to  the  L  and  H  index  X/A  layers. 

In  Section  2.1,  equations  (2.7)  to  (2.9)  contained  some  of  the  parameters  that  describe 
Fabry-Perot  resonant  cavities  such  as  the  free  spectral  range  (FSR),  the  DBR  phase 
penetration  lengths  (/p),  and  the  effective  cavity  length  (L^).  Other  important  parameters 
include  the  cavity  quality  factor  (Q),  the  cavity  finesse  (f),  and  the  (transmission) 
linewidth  (AX1/2).  The  Q  is  the  number  of  cycles  (radian)  for  the  optical  field  energy  in 
the  cavity  to  decay  by  a  factor  of  1/e,  and  is  given  by 
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Fig  2. 1 6  Calculated  transmittance  of  two  example  all-dielectric  DBRs. 


REFLECTIVITY  PHASE  (degrees)  REFLECTIVITY  PHASE  (degrees) 
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Fig.  2. 1 7  Schematic  diagram  of  a  multilayer,  all-semiconductor,  Fabiy-Perot  etalon. 
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Q  =  (unitlcss)  (2.16) 

The  cavity  finesse  (T)  is  defined  as  the  ratio  of  the  FSR  to  the  linewidth  (AX1/2),  and  is 
given  by 


F  =  -ESE-=  (uniUess)  (2.17) 

iXta  1-(RiR2)“ 

where  Ri  and  R2  are  the  reflectances  of  the  top  and  bottom  DBR  as  seen  ftom  within  the 
optical  cavity  looking  out.  The  finesse  is  a  measure  of  the  resolving  power  of  the  etalon. 
Finally,  the  AX1/2  is  given  by 


=  1  = - Is -  (uniUess)  (2. 18) 

Xo  ^2  Leff  nctv 

More  precisely,  the  linewidth  parameter  is  the  full  width  at  half  maximum  linewidth 
(AX,i/2)  of  light  that  is  transmitted  out  of  a  FPE.  For  VCSELs,  this  parameter  is  the 
expected  emission  linewidth. 

It  is  shown  elsewhere  [Yeh  1988,  MacLc%-  ^  1989]  that  when  "spacer"  layers  of 
thickness  doc  =  uXo/2n,  u  =  1,  2,  3, . . .  (see  Eq.  (2.10))  are  placed  within  a  stack  of  X/4 
layers,  they  act  as  absentee  layers  at  Xq.  This  means  that  the  reflectance  of  the  multilayer 
stack  will  not  change  if  the  spacer  layer  is  removed  and  the  surrounding  layers  are  butted 
together.  When  this  is  done  in  Fig.  2.17,  the  two  L  index  X./4  layers  surrounding  the 
optical  cavity  spacer  layer,  subsequently  form  another  absentee  spacer  layer  that  is  V2 
thick.  This  layer  can  be  removed,  and  its  surrounding  H  index  X/4  layers  form  another 
absentee  layer,  and  so  on.  This  layer  elimination  process  continues  in  Fig.  2.17  undl  the 
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top  DBR  is  removed.  The  resulting  structure  ctmsists  of  a  portion  of  the  bottom  DBR 
with  a  L  index  layer  upper  most  next  to  the  incident  medium,  which  is  almost  always  air 
with  n  s  1.0.  The  reflectance  of  the  resulting  structure  at  Xo  can  be  calculated  by  using 
Eq.  (2.13).  The  reflectance  spectrum,  as  measured  on  the  tq)  surface  at  normal  incidence, 
is  similar  to  the  reflectance  of  a  typical  DBR  except  that  a  Fabry-Perot  resonance  "dip" 
occurs  at  Xo  with  a  linewidth  equal  to  AXi/2-  As  shown  below,  secondary  Fabry-Perot 
resonances  can  also  occur,  with  a  separadcm  equal  to  the  FSR. 

As  an  example  FPE  structure,  consider  the  all-phosphide  DBR  structure  given  in 
Table  2.2  with  Xq  =  660  nm,  but  with  30.5  DBR  periods  on  the  bottom  and  20  DBR 
periods  on  the  top,  surrounding  a  X/2-thick  (doc  =  99.099  nm)  optical  cavity  composed  of 
(Alo.7Gao.3)o3lno.sP  (n  =  3.33  at  Xo  =  660  nm).  The  calculated  reflectances  and  phase 
penetration  lengths  for  the  bottom  and  top  DBRs  (as  seen  6n>m  within  the  optical  cavity 
looking  outward)  are  Rb  =  0.97181  and  tpt,  =  818.26  nm,  and  Rt  =  0.95062  and 
1[K  =  792.15  nm,  respectively.  Thus,  T  =  79.3,  Lcff  =  1709.5  nm,  Q  =  1368, 
FSR  =  38.26  nm,  and  AXo  =  0.483  nm.  Also,  the  reflectance  bandwidth  AXbw  =  33.2  nm. 
A  plot  of  the  calculated  reflectance  is  shown  in  Fig.  2.18  (labeled  as  0%).  From 
Eq.  (2.13),  the  reflectance  at  Xo  (the  bottom  of  the  Fabry-Perot  dip)  is  »  0.08. 

It  is  informative  to  consider  the  variation  in  reflectance  with  small  variation  in  layer 
thickness.  Figure  2.18  shows  the  reflectance  spectra  for  the  example  FPE  structure  above, 
with  every  layer  varying  by  the  same  percent  relative  to  the  layer  thickness  at 
Xo  =  660  nm.  A  2%  deviation  in  layer  thickness  roughly  corresponds  to  a  rigid  10  nm 
shift  in  the  reflectance  spectrum.  The  shape  of  the  reflectance  remains  very  nearly 
identical,  despite  the  thickness  variation.  However,  the  optical  thickness  of  a  DBR  period 
(Kofi  =  dnnH  +  dLnL=  Xo/4  +  Xo/4)  does  not  change  by  the  same  percentage  as  the  layer 
thicknesses  dn  and  dt-  For  example,  given  Xo  =  660  nm,  then  nn  =  3.510  and  nL  =  3.243, 
and  thus  dn  =  47.01  nm  and  dt  =  50.88  nm  are  uniquely  determined.  For  a  +6% 
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PHOTON  WAVELENGTH  (nm) 


Fig.  2. 1 8  Calculated  reflectance  spectra  for  an  example  Fabry-Perot  etalon,  with  unifoim 
thickness  variation  in  each  layer.  All  layers  are  referenced  to  their  values  at  Xo  =  660  nm. 
The  top  and  bottom  DBRs  are  20  and  30.5  periods  of  Alo.5lno.5P/(Alo.2Gao.8)o.5ltK).5P. 
respectively.  The  X/2  thick  optical  cavity  is  composed  of  (Alo.7Gao.3)o.5lno.5P. 
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change  in  the  layer  thicknesses,  the  new  optical  thickness  of  a  DBR  period  is 
"KJ!  =  1.06  [dHnnCX^)  +  *  1-06  Xo/2.  since  nn  and  ni,  are  functions  of 

wavelength.  Solving  this  iteratively  results  in  Xo  »  690.36  nm,  which  is  a  ■f4.6% 
wavelength  increase  from  Xq  =  660  nnt  Moreover,  the  optical  thickness  of  the  optical 
cavity  changes  at  a  slightly  different  rate  as  compared  to  the  DBRs.  A  46%  change  in  the 
optical  cavity  thickness  results  in  Xo  -  690.85  nm.  The  calculated  Fabry-Perot  resonance 
dip  at  46%  in  Fig.  2.18  occurs  at  690.S  nm. 

The  structures  described  in  this  dissertation  were  grown  in  an  MOVPE  system  that 
uses  a  horizontal  reaction  chamber.  The  2  inch  wafers  are  rotated  during  growth  to 
achieve  layer  thickness  uniformities  within  ±1%.  Alternately,  the  wafers  are  not  rotated 
during  growth  to  achieve  an  approximately  linear  variation  in  layer  thickness  (fn>m  front 
to  back)  up  to  several  percent,  depending  on  the  exact  growth  conditims.  This  variation 
has  proven  useful  for  studies  of  visible  VCSELs  and  resonant  cavity  light-emitting  diodes 
(RCLEDs),  as  described  in  Chapters  3, 4  and  5.  The  thickness  variation,  however,  is  more 
complex  than  as  given  in  Fig.  2.18.  It  is  not  uniform  for  layers  of  different  alloy 
composition,  since  the  growth  rates  and  constituent  incorporation  efficiencies  are 
different.  The  degree  of  nonuniformity  is  varied  most  readily  by  varying  the  growth 
pressure.  Thus,  the  relative  thickness  variation  in  an  AlAs/AlGaAs  DBR  is  different 
compared  to  an  AlGalnP  optical  cavity  active  region  since  these  materials  are  typically 
grown  at  two  different  pressures  (80  and  1 10  mbar,  respectively).  This  implies  that  the 
Fabry-Perot  resonance  dip  will  not  stay  exactly  centered  in  the  DBR  reflectance 
bandwidth  (energy  center  of  the  mirror)  at  all  points  on  the  wafer.  Furthermore,  the  ratio 
of  Ga/In  in  a  Gai.ylnyP  quantum  well  increases  from  wafer  front  to  back  when  rotation  is 
not  employed  due  to  a  difference  in  Ga  and  In  incorporation  efficiency.  Thus,  the  small 
variation  in  emission  wavelength  (see  Figs  2.3  and  5.5)  across  the  wafer  is  due  primarily 
to  slight  changes  in  quantum  well  composition,  rather  than  well  thickness. 
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Typically.  VCSELs  are  designed  to  have  a  short  t^tical  cavity  thickness  (X/2  or  IX) 
to  minimize  absorptive  losses  in  the  cavity,  and  to  limit  the  emission  to  a  single 
longitudinal  mode  by  using  a  large  FSR.  The  FSR  is  decreased  by  increasing  the  effective 
optical  cavity  length,  as  given  by  Eq.  (2.7).  As  the  FSR  decreases,  secondary  Fabry-Perot 
modes  occur  in  the  reflectance  spectra.  Each  mode  represents  a  2ic  phase  shift  for  a  wave 
during  a  round  trip  in  the  optical  cavity  (DBR  mirrOT  phase  upon  reflection  and  cavity 
propagation  phase).  As  an  example.  Fig.  2.19  shows  the  calculated  (nomud  incidence) 
reflectance  spectra  for  an  FPE  with  a  20  and  10  period  bottom  and  t(^  DBR.  respectively, 
and  with  different  size  optical  cavities  where  doc  =  2,  8, 14,  and  20X.  The  corresponding 
thicknesses  of  the  optical  cavities  are  about  0.4,  1.65,  2.89,  and  4.14  pm,  respectively. 
The  DBRs  are  composed  of  AlAs/Alo.5Gao.5As  with  10  nm  Alo.75Gao.25 As  barrier 
reduction  layers  at  each  interface,  with  Xo  =  670  nm.  The  central  part  of  the  optical  cavity 
is  2X-thick  (Alo.7Gao.3)o.5lno.5Pf  and  this  is  surrounded  by  pairs  of  cladding  Alo.5Ino.5P 
spacer  layers,  with  thicknesses  0, 3, 6,  or  9X. 

The  FSR  in  conventional  edge-emitting  lasers  and  in  VCSELs  is  the  wavelength 
separation  of  Fabry-Perot  lasing  modes.  The  switching  from  one  mode  to  another  in  edge 
emitters  occurs,  in  part,  as  a  consequence  of  changes  in  the  peak  spectral  gain 
wavelength,  resulting  for  example  from  changes  in  injected  carrier  density  or  device 
temperature.  In  quantum  well  VCSELs  however,  strong  lasing  emission  is  not  possible  at 
every  Fabry-Perot  mode  if  multiple  modes  are  present  as  in  Fig.  2.19.  For  a  properly 
designed  VCSEL,  the  quantum  well  gain  layers  are  placed  together  at  a  peak  of  the 
standing  wave  (i.  e.  electric  field  intensity)  in  the  optical  cavity.  An  example  is  shown  in 
Fig.  2.2(Xa),  which  is  the  calculated  electric  field  intensity  on  resonance  (Xo  =  670  nm) 
for  the  20X  thick  FPE  structure  in  Fig.  2.19(d).  Also  shown  is  the  real  refractive  index 
profile  of  the  active  region.  Three  10  nm  thick  Gao.5Ino.5P  quantum  wells  surrounded  by 
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Fig.  2.19  Calculated  reflectance  spectra  for  example  Fabry-Perot  etalons  with  varying 
optical  cavity  thickness.  The  top  and  bottom  DBRs  are  10  and  20  periods  of 
AlAs/Alo.5Gao.5As,  respectively,  with  10  nm  thick  Alo.TsGao^As  barrier  reduction 

layers  at  each  interface.  The  central  optical  cavity  is  composed  of  2X  thick 
(Alo.7Gao.3)o.5lno.5P.  surrounded  by  Alo.5Ino.5P  phase  matching  spacer  layers,  with 
thicknesses  of  0,  3,  6,  or  9X.  The  optical  cavity  thickness  is  (a)  2X,  (b)  8X,  (c)  14X, 
and  (d)  20X. 
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Fig  2.20  Calculated  standing  wave  and  refractive  index  proHle  for  the  20X  thick 
example  Fabry-Perot  etalon  structure  near  the  center  of  the  optical  cavity  active  region  at 
(a)  670  nm  (the  primary  mode),  and  (b)  681  nm  (a  secondary  mode). 


REAL  REFRACTIVE  INDEX  REAL  REFRACTIVE  INDEX 
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(Alo.4Gao.6)oilInojP  barrier  layers  have  been  added  to  the  structure,  centered  in  the 
q)tical  cavity.  The  resonance  at  Xo  =  670  nm  conesptmds  to  the  primary  Fat^-Perot 
resonance  dip  in  Fig.  2.19(d).  In  contrast.  Fig.  2.20(b)  shows  the  electric  field  intensity  in 
the  optical  cavity  for  the  secondary  resonance  with  Xq  =  tun.  This  resonance  is  also 
seen  as  a  Fabry-Perot  dip  in  Fig.  2.19(d),  but  the  standing  wave  peak  (antinode)  is  offset 
from  the  quantum  wells  by  a  full  half  wavelength.  Rather  than  a  gain  enhancement,  just 
the  opposite  is  true.  The  spontaneous  emission  is  inhibited  since  the  gain  layers  faU  at  a 
node  of  the  standing  wave. 

The  same  resonant  standing  waves  in  Fig.  2.20  are  plotted  in  Fig.  2.21,  cuily  this  time 
at  the  interface  of  the  optical  cavity  active  region  and  the  bottom  DBR  stack.  For  the 
primary  Fabry-Perot  resonance,  the  standing  wave  nodes  lie  in  the  center  of  every  other 
10  nm  thick  Alo.7sGao.2sAs  barrier  reduction  layer.  This  is  the  effective  point  of  the  L  to 
H  index  layer  transitions,  when  moving  from  the  optical  cavity,  through  the  DBR,  toward 
the  substrate  (these  points  are  readily  defined  for  X/4  stacks  without  the  heterointerface 
grading).  Similarly,  the  standing  wave  nodes  lie  at  the  L  to  H  index  transitions  in  the  top 
DBR  stack,  when  moving  out  from  the  optical  cavity  toward  the  surface.  The  reflectivity 
phase  of  the  DBR  is  0  radians  at  Xo  =  670  nm.  In  contrast,  the  standing  wave  nodes  of  the 
secondary  resonance  do  not  line  up  precisely  with  the  L  to  H  index  transitions,  and  the 
intensity  peaks  are  reduced  by  over  20  times  compared  to  the  670  nm  resonance.  The 
reflectivity  phase  of  the  bottom  DBR  at  Xq  =  681  nm  is  -0.61  radian  (35®),  and  the 
standing  wave  node  eventually  aligns  to  the  L  to  H  index  at  the  far  end  of  the  DBR. 

2.6  Design  Considerations  for  Visible  VCSELs 

The  optical  design  of  visible  VCSELs  has  been  described  in  Sections  2.2  through  2.5. 
This  Section  discusses  the  design  of  complete  visible  VCSEL  structures  including  the 
trade-offs  between  optical  and  electrical  characteristics,  and  those  due  to  the  practical 
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limitations  of  the  materials  and  the  current  epitaxial  growth  technology.  Resistance  and 
temperature  effects  in  visible  VCSELs  are  examined  for  the  first  time.  Also,  quantum 
well  gain  and  cavity  losses  are  explored  by  using  conventional  noodels.  The  results  are 
used  in  Chapters  3  and  5  to  help  explain  the  observed  characteristics  of  the  optically 
pumped  and  electrically  injected  visible  VCSELs.  Finally,  this  Section  concludes  with  a 
ctHnparison  of  conventional  GalnAs/AlGaAs  IR  VCSELs  and  AlGalnP  visible  VCSELs. 

2.6.1  DBR  Resistance 

As  mentioned  in  Section  2.3,  the  DBRs  are  doped  p  and  n-type  on  either  side  of  the 
optical  cavity.  Based  on  data  from  IR  VCSELs,  it  is  essential  that  the  resistance  of  the 
DBRs  be  as  low  as  possible  since  large  series  resistances  lead  to  excessive  device  heating 
and  thus  degraded  perfcnmance  [Tai  et  al.  1990,  Yoffe  1991,  Chalmers  et  al.  1993].  The 
DBR  resistance  is  minimized  by  reducing  the  barriers  at  each  heterointerface.  This  is 
accomplished  by  compositional  grading  and  by  using  high  doping  densities  to  achieve 
high  bulk  conductivities.  Current  spreading  and  injection  uniformity  improves  with 
increased  doping,  especially  for  top  surface  emitting  devices  [Nakwaski  et  al.  1992]. 
Unfortunately,  increased  doping  density  leads  to  increased  free  carrier  absorption.  This 
and  other  cavity  loss  mechanisms  must  then  be  overcome  by  increasing  the  optical  gain, 
which  is  in-tum  achieved  by  increasing  the  injection  current  density.  Also  important  is 
the  reduced  reflectance  at  Xq  of  the  DBRs  when  part  of  each  of  the  L  and  H  X/4  layers  are 
graded.  As  shown  elsewhere  [Bom  and  Wolf  1975],  given  a  pair  of  L  and  H  index 
dielectric  materials,  the  coating  with  the  maximum  reflectivity  at  Xq  is  obtained  with  a 
X/4  stack  configuration,  rather  than  with  index  grading  or  chirping  schemes.  But  the 
resulting  conduction  and  valence  energy  band  offsets  between  the  X/4  layers  act  as 
barriers  to  current  flow  and  thus  add  series  resistance.  Compositional  grading  at  the 
heterointerfaces  greatly  reduces  these  barriers.  The  reflectance  lost  due  to  the  grading  can 
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be  regained  by  adding  additional  DBR  pairs.  An  analytical  method  to  calculate  the  DBR 
reflectance  at  Xo  fOT  various  grading  schemes  has  been  reported  by  Corzine  et  a/.  [1991]. 

A  first  order  analysis  of  the  resistance  of  DBRs  composed  of  AlAs/Alo.sGaojAs  and 
of  Alo.5lnojP/(Alo.2Gao^)o.5lno.5P  is  now  given.  Carrier  transport  across 
heterointerfaces  has  been  investigated  using  both  analytical  and  numerical  techniques  that 
include  for  example  thermionic  emission,  and  quantum  mechanical  tunneling  and 
reflection  [Wu  and  Yang  1979,  Batey  et  al.  1985,  Htnio  and  Yanai  1990].  Here,  carrier 
transptnt  in  the  DBRs  is  modeled  using  thermionic  emission  theory.  The  current  density 
is  given  by  [Sze  1981] 


(A/cm2) 


(2.19) 


where  T  is  temperature,  ke  is  Boltzmann’s  constant,  q  is  the  electronic  charge  per 
electron,  9b  is  the  energy  barrier,  and  V  is  the  applied  voltage.  The  effective  Richardson 
constant  A*  is  given  by 


A*  =  -  120  ^  (A/cm2  K2)  (2.20) 

where  m*/mo  is  the  relative  effective  mass.  For  transport  in  p-doped  layers, 
m*  =  (mih*  +  mhh*),  and  in  n-doped  layers,  m*  =  me*.  The  term  <pB  is  the  energy 
difference  between  the  barrier  peak  and  the  Fermi  level.  In  bulk  layers,  the  current  is 


J  =  oE  (A/cm2) 


(2.21) 
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where  the  conductivity  (o)  is  related  to  the  resistivity  (p)  and  to  the  electron  and  hole 
mobilities  (Pn  and  Pp)  by 


o  =  -^  =  q  (Mb"  +  m>p)  (S/cm)  (2.22) 

P 

The  terms  n  and  p  are  the  densities  of  free  electrons  and  holes,  respectively,  and  the 
electric  field  E  =  Volts/length.  The  resistance  of  a  bulk  layer  may  also  be  given  as 

The  space-charge  neutral,  real  space  energy  band  diagrams  for  2.S  periods  of  example 
AlAs/AlxGai.xAs  DBRs  are  given  in  Fig.  2.22.  The  solid  line  is  the  conduction  band 
(Ec),  and  the  dashed  line  is  the  valence  band  (Ey).  Note  that  1800  meV  has  been  removed 
between  Ec  and  Ey.  The  Bragg  design  wavelength  is  Xo  =  650  nm.  Plot  (a)  is  the  case  for 
alternating  X/4  layers  without  any  grading  at  the  heterointerface,  with  dp  *  46  nm  and 
dt  •  52  nm.  In  plots  (b)  and  (c),  a  10  nm  thick  Alo.75Gao.25 As  barrier  reduction  layer  at 
the  heterointerface  is  employed,  as  in  Table  2.1.  Plot  (d)  has  a  10  nm  thick  grade  at  the 
heterointerface  where  the  composition  of  AlxGai-xAs  varies  linearly  from  x  =  1.0  to  0.5, 
and  from  0.5  to  1.0.  Plot  (e)  is  similar  to  plot  (d),  except  that  the  10  nm  thick  grade  is  a 
half  sinusoid. 

Poisson's  equation  in  one-dimension,  is  solved  numerically  for  the  set  of  example 
DBR  heterostructures  by  using  a  computer  program  developed  by  C.  P.  Tiggcs 
[1993].  The  material  parameters  are  those  given  in  Appendix  A.  The  rigid  steady-state 
solution  to  Poisson's  equation  defines  the  energy  band  offsets  at  each  heterointerface. 
These  band  offsets  are  then  used  with  the  thermionic  emission  model  to  estimate  the 
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voltage  drop  at  each  heterointeiface.  Figure  2.23  shows  the  conduction  band  and  Fermi 
level  of  n-doped  structures.  The  doping  (tensity  is  2  x  10**  cm’^,  except  in  plot  2.22(c), 
where  5  nm  thick  doping  spikes  of  1  x  10*^  cm'^  have  been  placed  in  the  AlAs  and  the 
Alo.75Gao.25As.  This  pulse  doping,  placed  at  the  ncxles  of  the  on-resonance  standing 
wave,  is  thought  to  be  useful  for  current  spreading  in  laterally  injected  VCSELs  [Scott  et 
al.  1993]  with  minimal  added  free  carrier  absorption.  Figure  2.24  shows  the  valence  band 
and  Fermi  level  of  the  corresponding  p-doped  structures.  Since  the  layers  are  very  nearly 
lattice  matched,  no  distinction  is  made  between  the  light-hole  and  the  heavy  hole  bands. 
The  p-doping  density  is  4  x  10**  cm'^  in  the  ALAs  layers,  3  x  10**  cm'^  in  the 
AlxGai.xAs  layers  (0.5  <  x  <  1.0),  and  2  x  10**  cm*3  in  the  Alo.5Gao.5As  layers,  except  in 
plot  2.23(c)  as  above,  where  additional  5  x  10*^  cm*3  doping  spikes  are  used. 

The  bulk  resistance  of  a  given  DBR  structure  is  calculated  with  Eq.  (2.23)  for  a  given 
area  by  neglecting  current  spreading.  Table  2.4  lists  estimated  values  for  the 
conductivities.  Note  that  the  free  carrier  densities,  taken  from  the  solution  to  the  Poisson 


Table  2.4  Estimated  Mobility  ^d  Conductivity  of  Selected  Epitaxial 


Material 

Dopant 

Free  (Carrier  Density 
(x  10*^  cm'^) 

Mobility 

(cm^/V-s) 

Conductivity 

(S/cm) 

(p)Alo3GaojAs 

C 

p-'4.0 

80 

5.1 

(n)Alo.5Gao3As 

Si 

n~7.0 

400 

44.9 

(p)AlAs 

C 

P’-4.0 

50 

32 

(n)AlAs 

Si 

a 

X 

b 

150 

16.8 

(P)Gao.5*no.5P 

Mg 

p~4.0 

50 

3.2 

(n)GaoiInojP 

Si 

0 

B 

700 

78.5 

(p)AloiIno.5P 

Mg 

P'-4.0 

20 

1.3 

(n)AIo3lno.5P 

Si 

0-7.0 

100 

11.2 

estimated,  based  on  data  from  [Schneider  and  Figiel  1993,  Bout  1993c] 
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59 


CONDUCTION  BANDS 


0  50  100  150  200  250 

DISTANCE  (nm) 


Fig  2.23  Conduction  band  diagrams  for  example  (n)AlAs/(n)AlxGai.xAs  DBRs. 
Conduction  band  (solid  line),  and  Fermi  level  (dashed  line).  The  doping  density  is 
2  X  10**  cm‘3.  Calculated  data  obtained  by  numerically  solving  the  1-D  Poisson  equation. 
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VALENCE  BANDS 
(p)AIAs/(p)Ai^Ga^.^As  DBRs 


Fig  2.24  Valence  band  diagrams  for  example  (p)AlAs/(p)AlxGai.xAs  DBRs.  Valence 
(heavy-hole)  band  (solid  line),  and  Fermi  level  (dashed  line).  TTie  doping  density  is 
4  X  10^8  cm'3  in  the  AlAs,  3  x  10*®  cm'^  in  the  AlxGai.xAs  (0.5  <  x  <  1.0),  and 
2  X  10*®  cm-3  in  the  Alo.5Gao.5As.  Calculated  data  obtained  by  numerically  solving  the 
1-D  Poisson  equation. 
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equation,  are  smaller  than  the  doping  densities  due  to  partial  ionization  of  the  donors  and 
acceptors.  From  Eq.  (2.23),  the  bulk  vertical  resistance  of  the  (n)DBR  in  Fig.  2.23(a)  with 
a  20  pm  diameter  circular  contact  is  R  ~  0. 131  fVDBR  period,  or  -12  Cl  fcx-  SS  periods. 
The  bulk  vertical  resistance  of  the  (p)  DBR  in  Fig.  2.24(a)  with  a  20  pm  diameter  circular 
contact  is  R  ~  0.80  Q/DBR  period,  or  ~  29  Q  fcv  36  periods. 

The  space-charge  neutral,  real  space  energy  band  diagrams  for  2.5  periods  of  example 
Alo.5lnojP/(Alo.2Gao.8)o.5lno.5P  DBRs  are  given  in  Fig.  2.25.  The  solid  line  is  the 
conduction  band  (Ec).  and  the  dashed  line  is  the  valence  band  (Ey).  Note  that  2000  meV 
has  been  removed  between  Ec  and  Ey.  Hie  Bragg  design  wavelength  is  Xo  650  nm. 
Plot  (a)  is  the  case  for  alternating  X/4  layers  without  any  grading  at  the  heterointerface, 
with  dH  *  46  nm  and  dt  »  50  nm.  In  plot  (b),  a  10  nm  thick  (AIo.6Gao.g)o.S^5P 
barrier  reduction  layer  is  inserted  at  the  heterointerface.  In  plot  (c),  a  10  nm  thick 
(Alo.35Gao.65)0.5lno.5P  barrier  reduction  layer  is  inserted  at  the  heterointerface.  The 
single  steps  in  (b)  and  (c)  divide  the  valence  and  conduction  band  offsets  in  half, 
respectively.  (The  stepping  compositions  were  determined  from  Fig.  A.9  in  Appendix  A. 
The  compositions  of  the  (AlyGai-y)o^Ino^P  layers  that  divide  the  valence  and 
conduction  bands  in  half,  depend  on  the  band  offsets  that  are  used,  and  are  thus  estimates 
in  the  example  calculations).  Plot  (d)  has  a  20  nm  thick  grade  at  the  heterointerface  where 
the  composition  of  (AlyGai.y)o.5lno.5P  varies  linearly  from  y  =  0,55  to  0.2,  and  from  0.2 
to  0.55.  (Linear  grading  from  y  =  0.2  to  y  =  1.0  in  AlGalnP  DBRs  has  been  previously 
reported  [Schneider  et  al.  1992]).  Plots  (e)  and  (f)  are  similar  to  plot  (d),  except  that  the 
20  nm  thick  grade  is  a  half  sinusoid.  The  grading  range  for  plot  (e)  is  y  =  0.55  to  0.2  and 
is  designed  to  result  in  the  lowest  possible  conduction  band  barrier.  In  contrast,  the 
grading  range  for  plot  (f)  is  y  =  1.0  to  0.2  and  is  designed  to  result  in  the  lowest  possible 
valence  band  barrier. 
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SPACE-CHARGE  NEUTRAL 


0  50  100  150  200 


DISTANCE  (nm) 


Fig  2.25  Real  space  energy  band  diagrams  for  example  Alo.sIno.sP/(AlyGai.y)o.sIno.sP 
DBRs.  Conduction  band  (solid  line),  and  valence  band  (dash^  line). 
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Poisson's  equation  is  solved  as  above.  Figure  2.26  shows  the  conduction  band 
and  Fermi  level  of  n-doped  structures.  The  doping  density  is  2  x  10^^  cm'^  in  all  layers. 
Figure  2.27  shows  the  valence  band  and  Fermi  level  of  the  ctxresponding  p-d(^)ed 
structures.  Since  the  layers  are  very  nearly  lattice  matched,  no  distinction  is  made 
between  the  light-hole  and  the  heavy  hole  bands.  The  p-doping  density  is  1  x  10^^  cm'^ 
in  the  (AlyGai.y)o.sIno.sP  layers  when  y  ^  0.7,  and  2  x  10^^  cm*^  otherwise.  The  resulting 
conductivities,  corrected  for  partial  ionizaticm,  are  given  in  Table  2.4 

Table  2.5  is  a  summary  of  the  voltage  drop  analysis  for  the  AlGaAs  and  AlGalnP 
DBR  structures.  The  resistance  of  the  (n)AlGaAs  DBR  is  dominated  by  the  bulk 
resistance.  For  the  (p)AlGaAs  DBR,  the  simple  step  grade  greatly  reduces  the  resistance. 
The  resistance  of  the  (n)AlGalnP  DBR  is  dominated  by  the  bulk  resistance,  as  is  the 
(p)AlGalnP  DBR.  The  bulk  resistance  is  relatively  high  because  it  is  difficult  to  p-dope 
the  Alo.5Ino.5P  above  ~1  x  lO**  cm*3.  The  resistance  could  be  reduced  by  increasing  the 
doping  density  of  the  (Alo.2Gao.8)o.5lno.5P  layers  above  2  x  lO**  cm*3  with  either  Mg  or 
Zn  [Schneider  et  al  1992]. 

2.6.2  Gain,  Loss,  and  Temperature  Effects 

This  Section  overviews  some  key  aspects  of  VCSEL  design.  The  ideal  VCSEL 
has  a  very  low  current  and  voltage  threshold,  high  efficiency,  and  high  output  power.  For 
the  ideal  visible  VCSEL,  the  resistance  of  the  DBRs  is  low,  the  injection  efficiency  and 
internal  quantum  efficiency  are  high,  (i.e.  die  differential  gain  (dg/dj)  is  high),  the  carrier 
leakage  current  from  the  quantum  wells  is  low,  absorptive  losses  are  small,  and  the  device 
temperature  stays  reasonably  constant  by  extracting  heat  efficiendy.  In  practical  devices, 
heating  causes  shifts  (at  different  rates)  of  both  the  Fabry-Perot  resonance  mode  and  the 
peak  of  the  spectral  gain.  Optimum  performane  occurs  when  the  mode  and  gain  peak  are 
aligned.  The  mode  and  gain  could  be  made  to  align  at  higher  currents  to  maximize  the 
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CONDUCTION  BANDS 
(n)AlQ  5! Hq  gP/(n)( AlyG _y)Q  5! Hq  gP  DBRs 


Fig  2.26  Conduction  band  diagrams  for  example  (n)Alo.sIno^P/(n)AlyGai.y)o.sIno.5P 
DBRs.  Conduction  band  (solid  line),  and  Fermi  level  (dash^  line).  The  doping  density  is 
2  X  10^^  cm'3.  Calculated  data  obtained  by  numerically  solving  the  1-D  Poisson  equation. 
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VALENCE  BANDS 

(P)^*0 . 5* *^0 . *1  -y)o . 5* ^0 . 5^  DBRs 


DISTANCE  (nm) 


Fig  2.27  Valence  band  diagrams  for  example  (p)Alo.5lno.5P/(pXAlyGai^)o.5lnqjP 
DBRs.  Valence  (heavy-hole)  bind  (solid  line),  ^  Fermi  level  (dash^  line).  Tne  doping 
density  is  1  x  10**  cm'3  in  the  layers  with  y  ^  0.7,  and  2  x  10**  cm'3  in  all  other  layers. 
Calculated  data  obtained  by  numerically  solving  the  1-D  Poisson  equation. 
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Table  2.5  Summary  of  tfw  DBR  Voltage  Drc^  Analysis 
_ (J  =  2kA/cm2.andT  =  300K) _ 


DBR 

Sinicttire 

fB 

_ (meV) _ 

Heteioinierface 

Voltage  Drop 
(uV/  DBR  oeriod) 

Total 

Volla^Drap 

_ (ffiV) _ 

(n)Al.Gai.xAa 

1  (where  me*Ano  ~  0.8 .  the  bulk  vohage  drop  is  ~824  pV/DBR  period J 

(55.5  (n)  DBR  periods) 

a 

50.49 

422 

48.1 

b 

33.81 

22.1 

47.0 

c 

33.81/25.97 

22.1/ 163 

46.8 

d 

18.17 

12.1 

46.4 

e 

16.12 

113 

46.4 

(p)AlxGai.xAs 

:  (where  nih*/mo  -  0.52  and  the  bulk  voltage  drop  is  "1.81  mV/DBR  period) 

(36  (p)  DBR  periods) 

a 

201.67 

16,172 

647.4 

b 

118.25 

877.1 

96.7 

c 

118.25/70.35 

877.1/ 1393 

83.5 

d 

90.22 

300.0 

76.0 

e 

63.92 

108.9 

69.0 

(nKAlyGai-y)o^Ino.5P  (where  nie’/mc 

1  ~  0.62.  and  the  bulk  voluge  drop  is 

•'1. 01  mV/DBR  period) 

(60.5  (n)  DBR  periods) 

a 

98.55 

346.9 

82.1 

b 

110.51 

548.8 

94.3 

c 

73.82 

133.8 

69.2 

d 

62.61 

86.8 

66.4 

e 

50.121 

53.6 

64.4 

(pKAIyGai.y)ojIno.5P  (where  mh*/mo  ~  0.4  and  the  bulk  voltage  drop  is  ^ 

10.6  mV/DBR  period) 

(45  (p)  DBR  periods) 

a 

207.25 

22,658 

1,497 

b 

122.90 

1,352 

537.8 

c 

181.73 

10,869 

966.1 

d 

164.95 

6,242 

757.9 

f 

114.90 

999.3 

522.0 
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output  power,  or  to  achieve  opmtion  over  a  broad  temperature  range  [Peters  et  al.  1993, 
Young  et  al.  1993],  Alternately,  alignment  with  minimal  heating  leads  to  a  low  thre^ld 
cunent.  The  visible  VCSELs  in  this  dissertation  are  prototype  devices,  and  not  all  of  the 
above  factOTS  were  directly  investigated.  However,  the  following  factors  were  addressed 
for  the  initial  demonstraticms. 

The  available  gain  from  a  given  quantum  well  or  wells,  is  primarily  an  intrinsic 
pit^rty  of  the  well  and  barrier  material.  As  discussed  in  Section  2.3,  strained  wells  are 
used  to  reduce  the  carrier  density  required  fen*  inversitm,  increase  the  differential  gain  at 
low  carrier  densities,  and  as  a  design  parameter  to  select  an  emission  wavelength.  A  first 
order  model  to  calculate  the  spectral  gain  from  quantum  wells  is  given  in  Appendix  D. 
This  model  is  useful  for  relative  comparisons  between  material  systems,  and  for  semi- 
quantitative  descriptions  of  band  filling,  and  gain  due  to  contributions  from  the  first 
and/or  second  quantum  well  states.  This  is  further  discussed  in  Subsection  2.6.3. 

As  briefly  described  in  Section  2.2,  the  position  of  quantum  well(s)  in  an  qitical 
cavity  is  an  important  design  criterion,  and  results  in  either  enhanced  or  inhibited 
spontaneous  emission.  The  equivalent  phenomena  in  VCSELs  is  usually  referred  to  as 
resonant  periodic  gain  [Raja  et  al.  1989,  Corzine  et  al.  1989].  Figure  2.28  shows  the 
standing  wave  pattern  for  an  example  visible  VCSEL  structure.  The  optical  cav:';y  active 
region  consists  of  a  single  10  nm  thick  Gao.4slno.SsI’  quantum  well,  positioned  in  the 
center  of  the  optical  cavity,  surrounded  by  20  nm  thick  (Alo.4Gao.6)o.slno.sl’  barrier 
layers,  in-turn  surrounded  by  (Alo.7Gao.3)o.slno.sP  spacer  layers.  The  DBRs  are  X/4 
layers  of  AlAs  and  Alo.sGao.sAs  with  20  periods  on  the  top,  and  30.5  periods  on  the 
bottom.  In  Fig.  2.28(a),  the  optical  cavity  is  2X  thick,  and  the  first  DBR  layers  are  AlAs 
with  a  L  index.  The  quantum  well  is  positioned  at  the  standing  wave  antinode  for 
maximum  gain.  Note  that  the  nodes  of  the  standing  wave  lie  at  the  L  to  H  index 
transitions  in  the  DBRs,  when  moving  away  from  the  optical  cavity  in  either  direction.  In 
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DISTANCE  (50  nm  per  division) 


Fig  2.28  Calculated  electric  field  intensity  (standing  wave)  for  three  example  visible 
VCSELs.  The  AlGalnP  optical  cavity  active  region  is  surrounded  by  AlAs/Alo.sGao.sAs 

DBRs.  The  thickness  of  the  optical  cavity  is  (a)  (b)  1.5X,  and  (c)  1.5X.  For  VCSEL 

design,  a  standing  wave  antinode  should  p^  at  the  quantum  well(s)  gain  k  ers,  as  in  (a) 
and  (c). 
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Fig.  2.28(b).  the  thickness  of  the  optical  cavity  is  decreased  to  l.SX  (by  thinning  the 
(Alo.7Ciao.3)ojIiK).sl’)  and  the  quantum  well  now  falls  at  a  standing  wave  node,  while  the 
standing  wave  in  the  DBRs  is  unchanged.  This  configuration  is  undesirable  since  the 
(^tical  gain  is  inhibited.  The  quantum  well  could  be  nwved  V4  in  either  direction  so  that 
it  again  lies  at  an  antinode.  However,  for  the  epitaxial  layer  growth,  the  results  are  more 
consistent  if  the  quantum  well(s)  is  placed  at  the  center  of  the  optical  cavity.  In 
Fig.  2.28(c).  the  first  set  of  L  X/4  layers  are  removed  while  retaining  the  l.SX  thick  optical 
cavity,  and  the  quantum  well  again  lies  at  a  standing  wave  antinode.  Thus,  some 
flexibility  exists  in  the  choice  between  doc  relative  index  of  the  first  DBR  layo^. 

The  relevant  equations  describing  gain  and  loss  in  VCSELs  (repeated  here  for 
convenience,  see  Eqs  (2.3)  to  (2.6)),  are 

rrgu,d  =  aiL  +  a„L,„  +  (Xoc(doc-L)  +  ln[l/R]  (uniUess)  (2.24) 


with  ai  given  by 


Oi  =  r^a,  +  (l-  rjotp  -kIku  (cm-l)  (2.25) 

It  is  important  to  consider  the  relative  magnitudes  of  the  loss  terms  in  the  above 
equations.  The  scattering  loss  (as^at)  due  to  sidewall  roughness  is  not  important  for  ion 
implanted  devices  or  for  devices  with  diameters  of  5  jxm  or  larger.  The  interface 
scattering  loss  contained  within  Om  is  also  very  small  due  to  the  high  precision  of  the 
epitaxial  growth  process  and  can  be  neglected  [Gourley  et  al.  1991].  Absorptive  losses 
within  the  layers  are  minimized  by  using  above  energy  bandgap  materials  in  all  layers, 
except  the  quantum  wells.  This  leaves  free  carrier  absorptive  losses,  which  are  contained 
within  the  terms  tta,  Ooc*  and  Om.  For  GaAs  at  BOOK  and  for  energies  near  the  bandgap. 
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the  free  carrier  absorption  loss  coefficient  is  afc  -  3  x  10'**n  +  7  x  10***p  (cm**) 
[Casey  and  Panish  1978].  A  similar  relationship  is  plausible  fcMr  the  AlGalnP  and  AlGaAs 
materials  used  in  visible  VCSELs.  With  typical  carrier  densities  of  -1  to  7  x  10**  cm’^, 
Ofc  *  10  to  70  cm'*.  Consider  an  example  visible  VCSEL  with  three  6  nm  thick  quantum 
wells  such  that  Tj  =  0.347,  F,  =  1.779,  L  =  92  nm,  Lm  =  900  nm,  d  =  18  nm, 
Op  =  Ooc  =  20  cm-*,  aa  =  ttm  =  50  cm**,  and  let  R  =  0.99925.  From  Eq.  (2.24), 
gth  =  1891  cm-*  with  the  given  free  carrier  losses,  and  gih  =  234  cm-*  without  the  given 
free  carrier  losses.  Minimizing  the  free  carrier  losses  is  accomplished  primarily  by 
reducing  the  doping  in  the  DBRs.  This,  however,  increases  the  series  resistance  and  leads 
to  device  heating  and  reduced  optical  gain.  The  free  carrier  abscuption  is  higher  for 
p-doped  material.  Additionally,  the  resistance  of  p-doped  DBRs  is  higher  than  the 
equivalent  n-doped  DBRs.  An  interesting  altemadve  design  for  VCSELs  is  to  replace  all 
or  part  of  the  (p)DBR  with  a  dielectric  stack  as  described  in  Subsection  2.4.4. 

Now  consider  the  number  and  thickness  of  the  quantum  wells,  and  the  thickness 
of  the  layers  that  separate  them.  Increasing  the  number  of  wells  increases  the  available 
gain  and  thus  higher  output  powers  are  possible,  but  at  the  expense  of  increased  threshold 
current  density  (for  a  given  R).  The  desired  emission  wavelength  puts  limits  on  the 
thickness  and  composition  (i.e.  percent  strain)  of  the  quantum  wells.  The  idea  is  to 
maximize  the  available  gain  per  unit  length,  for  the  total  length  of  quantum  wells  used. 
Table  2.6  is  a  summary  of  gain  calculations  for  visible  VCSELs  emitting  at  Xq  =  650  nm. 
The  thickness  of  the  quantum  wells  and  separation  layers  are  varied,  as  is  the  number  of 
wells  centered  in  the  optical  cavity.  A  comparison  can  be  made  for  the  structures  that 
have  the  same  total  gain  length  d.  For  example,  five  6  nm  wells  and  three  10  nm  wells 
both  give  d  =  30  nm.  The  value  of  gih  is  168.8  cm**  for  the  five  6  nm  wells  with  6  nm 
separation  layers,  and  is  155.9  cm-*  and  175.3  cm-*  for  the  10  nm  wells  with  6  nm 
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and  10  nm  separation  layers,  respectively.  The  lowest  gth  indicates  the  best  design  choice, 
assuming  uniform  gain  in  each  well. 


Table  2.6  Summary  of  Example  Gain  Calculations.  The  quantum  wells  are  Gai.xInxP, 
and  the  barrier  separation  layers  are  (Alo.4Gao.6)o.sIno.sP-  The  Bragg  design  wavelength 

is  Xq  =  650  nm  (obtained  by  varying  the  amount  of  strain  for  a  given  quantum  well 
thickness).  The  threshold  gain  is  calculated  with  R  =  0.99925,  and  the  absoiptive  losses 


are  neglected  for  the  calculation  of  gth. 

Number 

QW/Barrier 

gth 

Total  Gain 

Longitudinal 

Relative 

ofQWs 

Thickness 

(cm‘^) 

thickness  d 

Confinement  Factor 

Confinement  Factor 

(nm/hm) 

(nm) 

Tz 

Tr 

1 

6 

626.9 

6 

0.129 

1.995 

2 

6/6 

324.3 

12 

0.247 

1.928 

3 

6/6 

234.3 

18 

0.347 

1.779 

4 

6/6 

191.0 

24 

0.422 

1.637 

5 

6/6 

168.8 

30 

0.473 

1.482 

1 

8 

487.6 

8 

0.171 

1.923 

2 

8/6 

249.0 

16 

0.324 

1.883 

3 

8/5 

179.5 

24 

0.446 

1.741 

4 

8/5 

159.5 

32 

0.523 

1.470 

5 

8/5 

147.2 

40 

0.562 

1.274 

1 

10 

391.2 

10 

0.213 

1.918 

2 

10/6 

203.3 

20 

0.398 

1.845 

3 

10/6 

155.9 

30 

0.529 

1.604 

4 

10/6 

136.2 

40 

0.603 

1.377 

5 

10/6 

130.6 

50 

0.626 

1.149 

1 

10 

391.2 

10 

0213 

1.918 

2 

10/10 

217.5 

20 

0.383 

1.725 

3 

10/10 

175.3 

30 

0.476 

1.427 
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As  described  previously,  the  temperature  of  the  VCSEL  increases  during 
operation.  The  rise  in  temperature  causes  a  decrease  in  the  material  refractive  indices 
and  thus  the  DBR  reflectance  shifts  to  longer  wavelengths  [Dudley  et  al.  1992].  The 
increased  temperature  also  reduces  the  bandgap  of  the  active  region  gain  layers  causing 
a  red  shift  in  the  spectral  gain.  The  gain  shifts  long  at  a  faster  rate  than  does  the 
DBR.  Figure  2.29  shows  the  ten^rature  characteristics  of  two  example  FPE  structures. 
Both  FPEs  have  a  2X  thick  AlGalnP  quantum  well  optical  cavity  active  region.  The 
hybrid  structure  is  then  surrounded  by  X/4  Alo.sIno.sP  layers,  followed  by  AlGaAs  DBRs 
as  in  Table  2.1  with  50  bottom  and  5.5  top  periods.  The  all-phosphide  structure  has  DBRs 
as  in  Table  2.2,  with  60.5  bottom  and  5  top  periods.  The  reflectance  spectra  of  the  FPEs 
are  monitored  at  three  points  as  a  function  of  temperature,  including  the  two  side 
reflectance  minima,  and  the  Fabry-Perot  resonance.  The  rate  of  change  of  the  three 
reflectance  points  is  summarized  in  Table  2.7.  The  shifts  arc  due  primarily  to  the 
changing  refractive  indices  of  the  DBRs  with  temperature.  The  hybrid  structure  shifts  at  a 
faster  rate  than  does  the  all-phosphide  structure,  and  this  indicates  that  the  refractive 
indices  of  AlGaAs  decrease  faster  with  increasing  temperature  than  do  those  of  AlGaInP. 

Figure  2.30  is  a  plot  of  the  Fabry-Perot  resonance  and  spectral  gain  peak  as 
functions  of  temperature  for  an  example  hybrid  visible  VCSEL  structure.  The  spectral 
gain  peak  overlaps  with  the  Fabry-Perot  resonance  at  only  one  temperature  (325K).  The 
inset  in  Fig.  2.30  shows  an  example  reflectwce  and  optical  gain  spectra.  With  increasing 
temperature  due  to  increasing  current,  the  gain  peak  shifts  through  and  past  the  Fabry- 
Perot  resonance.  As  a  result,  the  light  intensity-current  (L-I)  characteristic  of  VCSELs 
typically  rises  sharply  and  then  rolls  over  as  described  in  [Hasnain  et  al.  1991].  By 
varying  the  initial  alignment  of  the  Fabry-Perot  resonance  and  the  optical  gain  peak,  it  is 
possible  to  maximize  the  coupling  of  the  gain  to  the  mode  at  different  device  operating 
temperatures. 
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Fig  2.29  Reflectance  of  hybrid  AlGaAs/AlGalnP  and  all-AlGalnP  Fabry-Perot  etalons  as 
a  binction  of  temperature.  The  three  lines  for  each  structure  correspond  to  the  Fabiy-Perot 
resonance  mode,  and  the  edges  of  the  reflectance  bandwidth  (see  Table  2.7). 
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TEMPERATURE  (K) 


Fig  2.30  Shift  in  the  Fabry-Perot  mode  and  the  quantum  well  spectral  gain  peak  as 
functions  of  temperature  for  an  example  visible  VCSEL.  The  mode  and  gain  overlap  at 
one  speciOc  temperature  (32SK  in  this  case).  This  fact  can  be  included  in  the  device 
design  to  maximize  the  ou^ut  power,  or  to  minimize  the  threshold  current. 
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Table  2.7  Experimental  Temperature  Dependence  of  Example  All  Semiconductor 
Fabry-Perot  Etalons. _ _ _ 


Etalon 

Shrat  Edge 

Fabry-Perot  Resonance 

Long  Edge 

Structure 

(ranrO 

(nm/®C) 

(nm/*»C) 

Hybrid 

0.0569 

0.05106 

0.04835 

All-Phosphide 

0.04147 

0.0388 

0.03497 

1.63  Comparison  of  Visible  and  Infrared  VCSELs 

The  charge  neutral,  real  space  energy  band  diagrams  for  an  example  infrared  (IRX 
(Xo  =  980  nm)  and  visible  (Xo  =  650  nm)  VCSEL  are  shown  in  Fig.  2.31.  The  IR  VCSEL 
[after  Geels  et  al.  1991]  has  three  8  nm  thick  Gao.8lno.2As  strained  quantum  wells 
surrounded  by  GaAs  barrier  layers,  in-tum  surrounded  by  Alo.5Gao.s As  layers,  framing  a 
separate  confinement  heterostructure  (SCH).  The  optical  cavity  is  IX  thick.  The  DBRs  are 
X/4  layers  of  AlAs  and  GaAs  (the  heterointerface  grading  is  not  included  in  Fig.  2.31  fra 
simplicity),  with  14  periods  on  the  top,  and  18.5  periods  rai  the  bottom.  The  top  DBR  is 
capped  with  Au,  and  emission  is  out  the  substrate  via  the  bottom  DBR.  The  energy  band 
offsets  are  taken  from  Fig.  A.9  in  Appendix  A  for  the  Al^Gai.xAs,  and  from  the  model 
reported  in  [Krijn  1991]  for  the  Gao.8lno.2As/GaAs.  The  example  visible  VCSEL  has 
three  8  nm  thick  Gao.44Ino.S6P  strained  quantum  wells  surrounded  by  (AlyGai.y)o3lno.sP 
y  =  0.4  barrier  layers,  stepped  from  y  =  0.4  to  0.7,  in  0.1  increments,  framing  a  SCH.  For 
a  Gao.sIno.sP  quantum  well,  the  largest  conduction  band  offset  is  thought  to  occur  with 
y  =  0.7  barrier  layers.  However,  recent  low  temperature  magneto-luminescence  data  on 
AlGalnP  quantum  well  structures  suggests  that  the  value  could  instead  be  closer  to 
y  ~0.5  to  0.6  [Jones  1993].  Surrounding  the  central  2X  SCH  are  IX  phase  matching  spacer 
layers  of  Alo.sIno.sP.  Thus  the  total  thickness  of  the  optical  cavity  is  4X.  The  DBRs  are 
AlAs/Alo.sGao.sAs  on  one  side,  and  Alo.5lno.5P/(Alo.2Gao.8)o.5lno.5P  on  the  other  for 
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OPTICAL  THICKNESS  {kJ2  per  division) 


Fig  2.31  Example  real  space,  charge  neutral,  energy  band  diagrams  comparing  a 
conventional  GalnAs/AlGaAs  IR  VCSEL  to  an  AlGalnP  visible  VCSEL. 
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comparison.  For  a  conservative  design,  the  actual  structures  would  have  32  and  55.5 
AlGaAs  DBR  periods  and  45  and  60.S  AlGalnP  DBR  periods,  on  the  top  and  bottom, 
respectively.  The  physical  thickness  of  a  DBR  period  (X/2)  for  the  IR  VCSEL  is 
~1S2  nm,  and  for  the  visible  VCSEL  the  physical  thickness  is  ~102  nm  (AlGaAs  DBR) 
or  -99.8  nm  (AlGalnP  DBR). 

The  energy  scales  in  Fig  2.31(a)  and  (b)  are  equally  stepped ,  and  it  is  seen  that  the 
quantum  well  conEning  potentials  between  Gao.8lno.2As/GaAs  and  Gao.44Ino.56P/ 
(Alo.4Gao.6)o.5lno.5P  are  roughly  equal.  However,  the  overall  cmifinement  is  much  better 
in  the  IR  VCSEL  due  to  the  Alo.5Gao.5As  barriers  in  the  SCH.  Fw  the  visible  VCSEL, 
the  Alo.5Ino.5P  spacer  layers  moderately  increase  the  hole  confinement  (The  confinement 
for  both  electrons  and  holes  is  further  improved  when  the  Alo.5Ino.5P  layers  are  doped 
[Bout  1993a]).  The  quantum  well  leakage  currents  arc  higher  for  the  visible  VCSEL, 
most  notably  at  increased  temperatures  (>  300K).  Also,  the  thermal  resistance  of 
AlGalnP  is  higher  than  for  AlGaAs,  thus  heat  is  not  dissipated  as  well  L  the  visible 
veSELs  (especially  for  an  all-phosphide  structure),  making  continuous  wave  (CW) 
operation  more  difficult  The  DBR  bandoffsets  arc  larger  in  the  IR  VCSEL,  especially  the 
valence  band  offsets.  In  fact  graded  (p)DBR  heterointerfaces  are  a  necessity  in  the  IR 
veSELs  to  reduce  series  resistance.  The  differential  refractive  indices  arc  higher  for  the 
IR  DBRs  and  thus  fewer  periods  arc  needed  to  achieve  a  given  reflectance.  Additionally, 
the  phase  penetration  lengths  are  smaller  leading  to  reduced  effective  cavity  lengths,  and 
smaller  passive  absorptive  losses  in  the  DBRs.  For  example,  to  reach  R  >  0.999, 21  DBR 
periods  are  required  for  the  IR  VCSEL,  while  30  AlAs/Alo.5Gao.5As,  or  47  Alo.5Ino.5P/ 
(Alo.2Gao.8)o.5lno.5P  DBR  periods  are  required  for  the  visible  VCSEL.  The  total  DBR 
thickness  would  be  roughly  equal  at  -3.19  pm  (IR)  and  -3.06  pm  (AlGaAs  visible), 
or  -4.51  pm  (AlGalnP  visible).  The  phase  penetration  lengths,  from  Eq.  (2.9),  are 
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-470  ntn  for  the  IR  VCSEL,  while  they  are  -533  nm  (AlGaAs)  and  -849  nm  (AlGalnP) 
for  the  visible  VCSEL. 

Figure  2.32(a)  and  (b)  shows  the  electric  field  intensity  on  resonance  and  the  real 
refractive  index  profile  fcM’  the  IR  and  visible  VCSELs.  For  the  IR  VCSEL,  the  standing 
wave  fully  overlaps  the  three  iO  ntn  thick  quantum  wells  at  an  intensity  that  is  77%  of  the 
peak  value  at  the  antinode,  with  Fz  =  0.308  and  Fr  =  1.84.  In  contrast,  the  equivalent 
visible  VCSEL  standing  wave  intensity  at  full  overlap  is  only  43%,  with  Fz  =  0.476  and 
Fr  -  1.46.  Typically,  quantum  well  gain  layers  are  6  to  10  nm  thick,  whether  for  IR  or 
visible  emission.  But  since  visible  wavelengths  are  roughly  2/3  (i.  e.  650/980)  or  3/4 
(i.  e.  650/850)  as  long  as  IR  wavelengths,  the  increased  Fz  and  reduced  Fr  (for  equal  well 
thickness)  is  unavoidable,  and  the  available  gain  is  less  efficiently  used.  It  is  clear  that 
shorter  wavelength  VCSELs  should  have  reduced  quantum  well  and/or  barrier  layer 
thicknesses  to  optimize  the  utilization  of  the  available  gain.  At  Xq  "blX)  nm  or  shenrter,  it 
may  become  more  advantageous  to  use  X/4  bulk  (double  heterostructure)  or  short  period 
superlattice  gain  layers,  rather  than  the  conventional  set  of  quantum  wells. 

By  using  Eq.(2.3)  with  Um  =  5  cm'l  and  neglecting  oq,  the  threshold  gain  for  the 
above  IR  VCSEL  is  gth  =  635  cm**,  and  for  the  above  visible  VCSEL  g|h  =  241  cm*l. 
The  threshold  gain  is  lower  for  the  visible  VCSEL  due  to  the  large  number  of  DBR 
periods  (Rvis  =  0.99947,  whereas  Rir  =  0.99697).  By  using  18  periods  on  the  top  (plus  a 
Au  cap),  and  22.5  periods  on  the  bottom,  the  gain  threshold  for  the  IR  VCSEL  drops  to 
221cm-»  (R=  0.99925). 

A  judicious  active  region  design  is  required  to  make  the  most  of  the  available  gain. 
Unfortunately,  the  available  gain  (g)  per  unit  quantum  well  length  is  lower  for  visible 
AlGalnP  quantum  wells,  as  compared  to  IR  GalnAs  or  GaAs  quantum  wells.  In  fact,  the 
gain  ratio  gip/gvis  ~l-3.  The  calculated  gain  spectra  for  single  8  nm  thick 
Ga0.gIn0.2As/GaAs  and  Gao.44lno.56P/(Alo.4Gao.6)o.5lno.5P  quantum  wells  arc  plotted  in 
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Fig  2.32  Calculated  electric  Held  intensity  for  the  example  IR  and  visible  VCSELs 
shown  in  Fig.  2.31.  (Calculation  details  are  given  in  Appendix  C). 
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Fig.  2.33,  for  the  case  of  TE  (transverse  electromagnetic)  polarized  emission  (see 
Appendix  D  or  [Chinn  et  al.  1988]).  For  the  AlGalnP  calculatitm,  =  0.6AEg.  The 
parametric  variable  is  the  density  of  carriers  in  the  quantum  well.  The  dashed  lines  are  the 
unconvolved  gain,  while  the  solid  lines  are  the  convolved  gain  (a  Lorentzian  convolving 
function  is  used  with  an  intraband  scattering  time  of  0.1  ps).  Strain  effects  are  neglected, 
except  for  small  changes  in  the  energy  bandgaps  and  the  energy  band  offsets  using  the 
model  by  Krijn  [1991]  and  the  parameters  in  Appendix  A.  Strict  k-selection  rules  are 
used,  only  the  two  lowest  heavy  hole,  light  hole,  and  electron  quantized  states  arc 
included,  and  nonradiative  recombination  and  carrier  leakage  are  neglected.  It  is  seen  that 
the  peak  gain  is  higher  for  the  IR  structure  for  a  given  carrier  density.  Also,  the  gain 
contributions  from  the  second  (n=2)  quantized  state  over  take  those  from  the  first  (n=l) 
quantized  state  at  a  lower  carrier  density  in  the  IR  structure.  The  separation  between  the 
n=l  and  n=2  gain  peaks  is  ~80  nm  in  the  IR  structure,  while  it  is  ~25  nm  in  the  visible 
structure.  This  difference  is  due  primarily  to  the  smaller  band  offsets  and  the  larger 
effective  masses  in  the  AlGalnP  material  system. 

The  difference  in  the  n=l  and  n=2  spectral  gain  peaks  is  a  sensitive  function  of  the 
position  of  the  energy  of  the  quantized  states  relative  to  the  bottom  of  the  conduction  and 
valence  bands.  These  energies,  in-tum,  depend  on  the  band  offsets  and  the  effective 
masses.  As  mentioned  in  Appendix  A,  these  material  parameters  are  not  firmly 
established.  Thus,  some  care  must  be  exercised  in  interpreting  the  gain  spectrum  in 
Fig.  2.33(b).  For  comparison,  gain  spectra  for  8  nm  thick  Gao.44Ino.56P/ 
(Alo.4Gao.6)o.5lno.5P  Gao.44lno.56P/(Alo.7Gao.3)o.5lno.5P  quantum  wells  are  plotted 
in  Fig.  2.34,  where  the  bandoffsets  were  determined  by  using  Qc  «  0.4  (as  given  in 
[Bour  1993c],  see  Appendix  A),  with  the  gamma  point  conduction  band  offset 
=  Qc(AEg)-  With  the  reduced  fractional  conduction  band  offset,  the  separation 
between  the  n=l  and  n=2  gain  peaks  is  reduced  to  ~15  nm  in  Fig.  2.34(a). 
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Fig  2.33  Calculated  gain  as  a  function  of  carrier  density  for  single  8  nm  thick  quantum 
wells  composed  of  (a)  Gao,8lno.2As/GaAs,  and  (b)  Gao.^Ino.»P/(Alo.4Gao.6)o.5lno.5P- 
(The  calculation  uses  the  material  values  given  in  Appen^x  A,  including  AEc  =  0.6^^, 
and  the  gain  model  in  Appendix  D).  The  dashed  lines  are  unconvolved  gain,  whereas  the 
solid  lines  are  convolved  gain. 
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Fig  2.34  Calculated  gain  as  a  function  of  carrier  density  for  single  8  nm  thick  quantum 
wells  composed  of  (a)  Gao.44lno.56P/(Alo.4Gao.6)o.5lno.5P  and  (b)  Gao.44Ino.56P/ 
(Alo.7Gao.3)o.5lno.5P-  For  comparison  to  Fig.  2.33,  this  calculatiOT  uses  AEc  =  0.4AEg.  As 
before,  the  dashed  lines  are  unconvolved  gain,  whereas  the  solid  lines  are  convolved  gain. 
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2.7  Conclusions 

In  this  Chapter,  the  design  of  visible  (620  to  690  nm)  VCSELs  composed  of 
AlGalnP  quantum  well  optical  cavity  active  regions,  surrounded  by  AlGaAs  and/or 
AlGalnP  DBRs,  has  been  reviewed.  Several  specific  examples  were  given  to  illustrate  the 
key  points.  While  the  design  of  infrared  VCSELs  has  been  treated  elsewhere,  this  is  the 
first  comprehensive  design  review  of  visible  VCSELs. 

Compared  to  conventional  IR  devices,  visible  VCSELs  are  expected  to  have 
lower  differential  gain  and  efficiency,  and  be  more  sensitive  to  heating  effects.  This  is 
due  to  several  intrinsic  factors  such  as  less  efficient  utilization  of  gain  (reduced  overlap 
between  the  standing  wave  and  the  gain  layers),  and  reduced  carrier  confinement. 
Because  of  doping  limitations,  smaller  differential  refractive  indices,  difficulty  in 
fabrication,  and  the  higher  thermal  resistivity  of  AlGalnP  DBRs,  AlGaAs  DBRs  are  the 
better  design  choice  for  visible  VCSELs  emitting  at  ^  630  nm. 

While  3  mW  "orange"  (615  nm)  edge-emitting  (CW  at  room  temperature)  lasers 
have  been  demonstrated  t,  reproducing  this  with  VCSELs  would  be  very  difficult.  In  fact, 
demonstrating  633  nm  (CW  at  room  temperature)  with  an  AlGalnP  VCSEL  would  be  a 
major  accomplishment.  Indeed,  it  would  take  at  least  50  DBR  periods  (~5  pm  thick)  of 
either  AlAs/Alo.7Gao.3As  or  Alo.5lno.5P/(Alo.3Gao.7)ojIno.5P  to  get  an  R  ^  0.999  for  the 
top  output  coupler.  If  unstrained,  the  quantum  wells  could  be  ~5.0  nm  thick.  With 
“0.56%  compressive  strain,  the  well  thickness  would  be  ~2.5  nm.  A  short  period  strained 
layer  superlattice  active  region,  appropriately  placed  within  the  central  standing  wave, 
would  be  a  promising  design  choice. 

For  these  reasons,  the  initial  studies  of  visible  VCSEL  diodes  (Chapter  5) 
concentrated  on  the  emission  wavelength  range  of  650  to  680  nm. 

t  see  page  42,  Photonics  Spectra  (September  1992) 
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Chapter  3  Optically  Pumped  Visible  Vertical  Cavity 

Surface  Emitting  Lasers 


3.1  Introduction 

The  first  step  in  the  development  of  visible  vertical  cavity  surface  emitting  lasers 
(VCSELs)  is  the  demonstration  of  an  optically  pumped  structure.  Optically  pumped 
structures  contain  the  essential  building-blocks  of  VCSEL  diodes,  that  is.  quantum  well 
optical  cavity  active  regions  and  distributed  Bragg  reflectors  (DBRs).  The  layers  can  be 
unintentionally  doped,  however,  since  carriers  accumulate  in  the  quantum  well(s)  due  to 
absorptitm  of  the  pump  energy,  rather  than  by  injection.  This  simplifies  the  design  of  both 
the  optical  cavity  active  region  and  the  DBRs,  since  carrier  injection  efficiency  and  DBR 
series  resistance  are  insignificant  in  this  case.  Nevertheless,  the  physical  thickness  of  the 
individual  layers  must  still  be  precise,  within  ~2%  of  the  design  values.  Overall,  t^tically 
pumped  structures  serve  to  prove  the  feasibility  of  diodes,  and  to  help  characterize  some 
basic  design  trade-offs.  For  example,  they  can  help  determine  the  number  of  quantum 
wells  (gain)  needed  to  achieve  lasing  for  a  given  number  of  DBR  periods  (reflectance)  in 
the  coupling  mirror,  and  vice  versa. 

The  first  optically  pumped  "visible"  (emission  at  740  nm)  VCSEL  was  repotted  in 
1987  [Gourley  and  Drummond].  This  device  consisted  entirely  of  AUGai.xAs,  including 
an  Alo.4Gao.6As/GaAs  (20  nm/lO  nm)  150  period  multiple  quantum  well  active  region. 
Efficient  emission  at  wavelengths  shorter  than  ~690  nm  is  not  possible  with  the 
AlxGai-xAs  material  system.  In  contrast,  visible  red  emission  (620  to  690  nm)  is  readily 
achieved  by  using  an  AlGalnP  optical  cavity  active  region  (see  Section  2.3  and 
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Appendix  A).  The  first  optically  pumped  visible  VCSEL  composed  of  an  AlGalnP 
quantum  well  active  region  was  demonstrated  in  October  1991  and  first  published  in 
April  1992  [Schneider  et  al.  1992a].  This  device  structure  used  AlAs/Alo.sGao.sAs  DBRs 
and  emitted  at  657  nm.  Subsequently,  several  similar  structures  were  investigated  and 
emission  was  achieved  over  the  range  632  to  661  nm  [Schneider  et  al.  1992b].  The  first 
optically  pumped  "all-phosphide”  visiUe  VCSEL,  composed  of  an  AlGalnP  optical 
cavity  active  region  and  Alo.sIiK).5P/  (Alo2Gao.8)o.sItK)5P  DBRs,  was  denoonstrated  in 
November  1992  and  flrst  published  in  May  1993  [Lott  et  al.  1993a,  Schneider  and  Lott 
1993].  Lasing  in  this  structure  was  achieved  over  the  range  668.2  to  676.8  mn.  (For  a 
comparison  of  AlGaAs  DBRs  to  AlGalnP  DBRs,  see  Qnq)ter  2  and  Schneider  and  Lott 
[1993].) 

In  this  Chapter,  optically  pumped  lasing  in  AlGalnP  quantum  well  visible 
VCSELs  with  both  AIGaAs  and  AlGalnP  DBRs  is  examined  in  detail  for  two  specific 
structures.  For  these  structures,  it  is  shown  that  lasing  is  achieved  due  to  signiEcant  gain 
contributions  from  the  second  (n=2)  quantized  quantum  well  state.  This  is  in  contrast  to 
the  first  AlGalnP  visible  VCSEL  cited  above,  where  the  gain  contributed  primarily  fnnn 
the  first  (nsl)  quantized  quantum  well  state  was  sufficient  to  overcome  the  cavity  losses 
and  achieve  lasing.  The  results  are  significant  in  that:  1)  this  is  the  first  demonstration  and 
analysis  of  optically  pumped  lasing  in  VCSELs  due  to  significant  gain  contributions  from 
the  n=2  quantum  well  state;  and  2)  the  results  are  useful  for  the  analysis  of  the  electrically 
injected  visible  VCSELs  described  in  Chapter  5.  In  fact,  the  results  contributed  to  an 
improved  quantum  well  optical  cavity  active  region  design.  The  results,  along  with 
improved  doping  (and  grading)  in  the  DBRs  and  the  optical  cavity,  increased  the 
differential  gain,  reduced  the  current  threshold,  and  ultimately  resulted  in  visible  VCSELs 
that  operated  continuous  wave  at  room  temperature. 


91 


Section  3.2  below  describes  the  equipment  used  to  peifcntn  the  optical  pumping 
experiments.  Next,  Section  3.3  presents  a  first  order  model  that  is  used  to  estimate  the 
density  a(  carriers  in  the  quantum  well(s)  at  threshold  for  a  given  VCSEL  structure.  This 
is  followed  by  Sections  3.4  and  3.S,  which  contain  the  experimental  results  from  the  two 
q)tically  pumped  AlGalnP  visible  VCSELs,  one  with  AlGaAs  DBRs,  and  the  other  with 
AlGalnP  DBRs.  In  Section  3.6,  the  optical  pumping  results  are  qualitatively  analyzed  by 
employing  a  conventional  quantum  well  gain  model.  Finally,  Section  3.7  contains  the 
Chapter  conclusions. 

3.2  Experimental  Set-Up 

A  schematic  of  the  measurement  system  for  optical  pumping  of  visible  VCSELs 
is  shown  in  Fig.  3.1.  One  of  two  laser  sources  is  used  to  pump  a  tunable  (~630  to  680  nm) 
dye  laser.  The  laser  sources  include  a  continuous  wave  (CW)  argon  laser  (emitting  at 
514.5  nm),  or  a  Nd:YAG  mode-locked  laser  (emitting  at  1.06  pm,  ~4-5  ps  pulses  at 
~82-88  MHz)  whose  output  is  sent  through  a  KDP  (potassium  dihydrogen  phosphate) 
frequency  doubling  crystal  for  emission  at  530  nm.  When  the  argon  laser  is  used,  the  dye 
output  is  fed  through  an  acousto-optic  nxxlulatOT  (AOM)  which  is  controlled  by  a  square 
wave  puls^  generator.  In  either  case,  the  dye  emission  is  focused  onto  the  surface  (or 
subsurface)  of  the  wafer  under  test,  at  normal  incidence.  The  reflected  dye  emission  plus 
the  photoluminescence  from  the  wafer  are  directed  through  a  bandpass  or  edge  filter  to 
eliminate  the  dye  emission,  and  into  both  a  CCD  (charge-coupled  device)  camera  and  an 
OMA  (optical  multi-channel  spectrum  analyzer,  which  includes  a  CCD  detectw  array).  A 
power  meter,  which  measures  average  power,  is  used  to  measure  die  power  incident  onto 
the  wafer. 
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Fig.  3. 1  Schematic  diagram  of  the  system  for  optical  pumping  of  visible  VCSELs. 
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33  Theoretical  Quantum  Well  Carrier  Density  at  Threshold 

This  section  describes  a  method  to  estimate  (order  of  magnitude)  the  density  of 
carriers  in  the  quantum  well(s)  at  ot  below  threshold  for  an  optically  pumped  VCSEL. 
The  following  assumptions  are  made: 

1)  The  absorption  is  uniform  and  can  be  modeled  by  Beer’s  Law  (i.e.  I  ==  loe'<^ ) 

2)  The  steady-state  heating  effects  are  negligible 

3)  The  excitation  pulse  width  is  shorter  tiian  the  carrier  relaxation  time 

4)  An  ultrafast  relaxation  of  carriers  to  the  lower  two  quantized  quantum  well  states 

5)  The  quantum  efficiency  is  1 .0  ( 1  electrcm-hole  pair  for  every  absolved  photon) 

6)  The  earner  diffusion  effects  are  negligible 

7)  The  pumping  beam  has  a  Gaussian  intensity  profile 


The  average  power  of  the  pulsed  optical  excitation  incident  on  the  wafer  is  given  by  the 
mean  value  theorem 


Pdt  =iPp..kAt  (W)  (3.1) 

^Jo  ^ 

where  Ppeak  is  the  peak  power,  ip  is  the  pulse  to  pulse  spacing,  and  Ax  is  the  pulse  width. 
The  energy  in  each  -square  pulse  is  thus 


Epulse  —  P ave'^  ®  P pcakAX  ( J) 


(3.2) 
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The  fraction  of  the  incident  pun^  energy  diat  is  absorbed  in  the  quantum  well(s)  at  a 
given  pump  wavelength  (Xp)  is 


r  N  1 

A<iw(Xp)  =  (1  -  R )  n  (l  -  (unitless) 

Li«t  J 


where  R  is  the  reflectance  normal  to  the  surface,  a/  is  the  absorption  coefficient  and  L/  is 
the  thickness  of  layer  t  in  the  top  coupling  DBR,  respectively,  Oqw  is  the  absorption 
coefficient  of  the  GalnP  quantum  well(s),  and  Lqw  is  the  total  thickness  of  the  quantum 
well  layers.  Typically  for  unintentionally  doped  DBR  layers  with  bandgaps  above  the 
emission  energy,  the  bracketed  term  in  Eq.  (3.3)  is  close  to  unity  and  can  be  neglected. 
The  absorptive  volume 


Volume  =  area  •  length  = 


(cm^) 


(3.4) 


is  found  from  an  assumed  diffraction  limited  (focused)  spot  diameter  [Saleh  and  Teich 
1991] 

(lun)  (3.5) 


where  f  is  the  focal  length  of  the  focusing  lens,  and  diaser  is  the  beam  diameter  of  the 
pumping  laser.  The  energy  converted  from  a  photon  to  a  charge  carrier  is 


Eoonv  =  Etrans  (J/electTon-hole  pair) 


(3.6) 
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where  Emns  is  the  transition  energy  between  electron  and  hole  quantum  well  states.  (The 
excess  pump  energy  is  lost  to  the  lattice).  By  using  Eqs  (3.1)  to  (3.6),  the  estimated 
carrier  density  (!V3  a  measured  Pave  at  or  below  threshold  is 


(Epuiie)  (Aqw) 
(Econv)  (Volume) 


(electrons/cm^) 


(3.7) 


3.4  Hybrid  AlGaInP/AlGaAs  Optically  Pumped  Visible  VCSEL 

The  layer  details  of  a  hybrid  visible  VCSEL  structure  for  optical  pumping 
experiments  are  given  in  Table  3.1.  Also  given  are  the  estimated  layer  thicknesses 
corresponding  to  a  Bragg  wavelength  (Xq)  of  670  nm,  which  arc  determined  from  the 
refractive  index  dispersion  relationships  outlined  in  Appendix  A.  The  structure  consists 
of  a  2X  AlGalnP  quantum  well  optical  cavity  active  region  surrounded  by  AlAs/AlGaAs 
DBRs,  as  outlined  in  Chapter  2.  The  electric  field  intensity  on  resonance  (i.e.  at  Xo)  was 
calculated  (see  Appendix  C)  and  is  shown  in  Fig.  3.2.  The  calculated  reflectances  of  the 
bottom  (45  periods)  and  top  (32.5  periods)  DBR  stacks,  as  seen  from  the  optical  cavity, 
are  0.99990  and  0.99931,  respectively. 

Just  prior  to  VCSEL  growth,  an  active  region  calibration  sample  was  grown.  This 
sample  is  identical  to  the  optical  pumping  sample  but  without  the  top  and  bottom  DBRs. 
The  photoluminescence  (PL)  measurements  from  this  calibration  sample,  taken  at 
temperatures  (T)  of  300K,  200K,  and  lOOK,  are  given  in  Fig.  3.3.  The  peak  emission  can 
be  fit  to  the  equation  Xp  (nm)  =  653  +  0.04T  +  0.2x10'3t2  (T  in  K),  and  at  300K  the  peak 
value  (el  to  hhl  transition)  is  ~683  nm. 

The  VCSEL  is  grown  without  rotation,  such  that  the  Fabry-Perot  resonance 
wavelength  varies  ~linearly  with  position  across  the  two  inch  wafer,  from~690nm 


100  K  200  K  300  K 
659  nm  669  nm  683  nm 


17^/26.31/  31.7 


linowidth 

(meV) 


sampi*  XC0914D 


WAVELENGTH  (nm) 


Fig.  3.3  Photoluminescence  of  an  AlGalnP  quantum  well  optical  cavity  active  region 
calibration  sample  at  300,  200,  and  lOOK,  just  prior  to  the  growth  of  the  hybrid  visible 
VCSEL. 
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Table  3. 1  MOVPE  Growth  List  for  Hybrid  Visible  VCSEL  Sample  XC0915C 


Thickness  (A)  Material 

Index  at  Xo 

Thickness  (A) 

Material 

Index  at  Xo 

100.0 

GaAs 

3.81  -  i0.16 

continued 

332.1 

AloiiGaojAs 

3.491 

17473 

(Alo.7Gao3)03lno3P 

3.316 

518.4 

AlojInojP 

3.231 

(repeat) _ 

50.00 

Alo.75Gao.25  As 

3.273 

100.0 

Alo.75Gao^As 

3.273 

435.7 

AlAs 

3.093 

(rqjeat) 

100.0 

Alo.75Gao.25  As 

3.273 

386.0 

Alo^Gao^As 

3.491 

386.0 

AIo^GaojAs 

3.491 

100.0 

Alo.75Gao.25  As 

3.273 

x32 

435.7 

AlAs 

3.093 

100.0 

Alo.75Gao.25  As 

3.273 

50.00 

Alo.75Gao^As 

3.273 

x44 

518.4 

AiDjIno.5P 

3.231 

1747.5 

(Alo.7Gaoj)o.5lno.5P 

3316 

386.0 

Alo.5Gao3As 

3.491 

100.0 

Alo.75Gao.25 

3.273 

(rqjcat) _ 

435.7 

AlAs 

3.093 

100.0 

Gao.44Ino.56l*  (SQW) 

3.577 

50.00 

Alo.75Gao.25  As 

3.273 

100.0 

(Alo.7Gao3)o.5lnojP 

3.316 

5000 

GaAs 

3.81 -10.16 

x2 

substrate 

(n+)GaAs  (100)  6“ 

100.0 

Gao.44lno.56P  (SQW) 

3.577 

Bragg  wavelength  Xo  =  670  nm 

all  epitaxial  layers  are  unintentionallY  doped 

to  ~640  nm  from  front  (thickest)  tt)  back  (thinnest).  Figure  3.4  shows  the  measured 
reflectance  spectra.  The  position  of  the  Fabry-Perot  resonances  are  indicated  for  each 
spectrum.  The  thickness  variation  is  approximately  linear  except  near  the  edge  on  the  thin 
side  where  the  layer  thickness  tapers  off  (decreases  at  a  higher  rate).  The  range  of  lasing 
wavelengths,  described  below,  is  within  the  dashed  lines  in  Fig.  3.4. 

Optically  pumped  lasing  is  achieved  in  and  around  the  center  of  the  wafer  from 
663.8  to  67S.0  nm.  Fig.  3.5  is  a  plot  of  the  lasing  spectrum  at  669  nm  (solid  curve).  Also 
shown  is  the  attenuated  dye  laser  pump  at  643  nm,  and  the  reflectance  of  the  structure 
(dashed  curve)  at  the  same  spot  on  the  wafer.  Note  that  the  laser  emission  is  shifted 


INTENSITY  (arb.  units) 


100 


WAVELENGTH  (nm) 


Fig.  3.5  Optically  pumped  lasing  spectrum  at  Xq  =  669  nm  for  the  hybrid  visible 

VCSEL.  The  attenuated  dye  laser  pump  is  also  shown  (at  Xq  =  643  nm),  as  is  the 
corresponding  reflectance  spectrum  at  nonnal  incidence. 
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(~1  nm)  longer  than  the  Fabry-Perot  wavelength  from  the  reflectance  measurement  due  to 
heating.  The  shift  corresponds  to  an  increase  in  teiiq)erature  of  ~20  to  25  ®C  (see 
Table  2.7).  Also  note  that  the  pump  wavelength  is  close  to  a  reflectance  minima,  in  order 
to  increase  the  amount  of  energy  transmitted  into  the  structure. 

By  using  Eqs  (3.2)  to  (3.7),  the  density  of  carriers  in  the  quantum  wells  at 
threshold  can  be  estimated.  For  pumping  at  643  nm  in  Fig.  3.5,  R  »  0.49,  dspoi  ■  15  lim, 
OoaAs  ■  40.2  X  103  cm-i,  OcainP  *  58.6  X  103  cm-*  (using  interpolation  between  InP  and 
GaP),  ttAiGaAs  *  25  cm-*  (rough  estimate),  Pave  =  23  mW,  Xp  =  11  ns, 
Econv  =  297  x  lO^*  J/electron,  and  thus  Aqw  *  0.078  and  Volunae  »  5.3  x  10-*2  cm3. 
Note  that  the  top  10  nm  thick  GaAs  layer  abSOTbs  ~4%  of  the  incoming  energy  and  that 
~40%  of  the  incident  light  is  absorbed  in  the  GaAs  substrate.  The  resultant  carrier 
density  is  1  x  10*^  cm-3,  which  is  probably  an  over  estimate  by  ~30  to  50%.  Why  the 
overestimate?  Because  it  is  difficult  to  accurately  assess  all  of  the  mechanisms  involved 
in  the  optical  pumping  process.  Ortainly  the  number  is  less  because  of  carrier  diffusion 
and  leakage,  and  a  quantum  efficiency  <  100%.  On  the  other  hand,  the  absorption 
coefficients  for  the  GalnP  quantum  wells  and  for  the  above  bandgap  AlGaAs  layers  are 
not  accurately  known,  and  they  should  increase  when  the  temperature  increases  due  to 
bandgap  shrinkage.  For  these  reasons,  the  model  serves  only  as  a  rough  estimate  of 
carrier  density. 

The  average  pump  power  at  threshold  for  the  structure  in  Table  3.1  as  a  function 
of  emission  wavelength  (or  equivalently  wafer  position)  is  plotted  in  Fig.  3.6.  The  data  is 
for  pumping  with  the  mode-locked  Nd;YAG/dye  lasers  with  5  ps  pulses  at  a  period  of 
1 1  ns.  Similar  results  where  obtained  for  pumping  with  the  Ai+/dye  lasers  with  100  ns 
pulses  at  a  period  of  4  ^s.  The  power  at  threshold  goes  through  a  minimum  near  665  nm. 
This  is  curious  since  it  is  known  from  Fig.  3.3  that  the  peak  room  temperature  PL 
emission  occurs  near  683  nm.  In  fact,  lasing  is  achieved  from  661.8  to  675.0  nm  and  not 


Fig.  3.6  Measured  average  incident  power  onto  the  surface  of  the  hybrid  visible  VCSEL 
against  lasing  wavelength  (or  equivalently,  against  position  on  the  wafer). 
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at  ~683  nm.  With  heating,  the  threshold  minimum  would  be  expected  to  occur  at 
~68S  nm  and  not  at  ~665  nm.  The  only  possible  explanation  for  this  phenonnena  is  that 
gain  contributions  from  the  second  (n=2)  quantized  quantum  well  state  are  required  to 
achieve  lasing.  This  is  explained  qualitatively  in  Section  3.6  by  employing  the  quantum 
well  gain  model  described  in  Appendix  D. 

3.5  All-AlGalnP  Optically  Pumped  Visible  VCSEL 

The  layer  details  of  an  all-AlGalnP  visible  VCSEL  structure  for  optically 
pumping  experiments  are  given  in  Table  3.2,  along  with  the  estimated  layer  thicknesses 
corresponding  to  a  Bragg  waveleng^  (Xq)  of  670  nm.  These  thicknesses  are  determined 
from  the  fvtbactive  index  dispersion  relationships  outlined  in  Appendix  A.  The  structure 
consists  of  a  2X  AlGalnP  quantum  well  optical  cavity  active  region  surrounded  by 
AlojIno.5P/(Alo.2G80.8)0.5l>'0.5P  DBRs,  as  outlined  in  Chapter  2.  The  substrate  is 
oriented  (311)A  to  maximize  the  optical  efficiency  of  the  quantum  well  optical  cavity 
active  region.  A  schematic  diagram  of  the  structure,  along  with  the  (charge  neutral)  real 
space  energy  band  diagram  and  refractive  index  profile  (at  Xq  =  670  nm)  in  and  around 
the  optical  cavity  active  region,  is  shown  in  Fig.  3.7.  The  electric  field  intensity  (xi 
resonance  was  calculated  (see  Appendix  C)  and  is  shown  in  Fig.  3.8.  The  calculated 
reflectances  of  the  bottom  (60.5  periods)  and  top  (45  periods)  DBR  stacks,  as  seen  fiom 
the  optical  cavity,  are  0.99970  and  0.99887,  respectively. 

Just  priOT  to  VCSEL  growth,  an  active  region  calitvatitm  sample  was  grown.  This 
sample  is  identical  to  the  optical  pumping  sample  but  without  the  top  and  bottenn  DBRs. 
The  photoluminescence  (PL)  measurement  from  this  calibration  sample,  taken  at  300K,  is 
given  in  Fig.  3.9.  The  peak  emission  is  ~678  nm.  As  an  additional  check  to  verify  the 
peak  emission  wavelength  of  the  quantum  wells  (~corresponding  to  the  n=l  transition), 
a  small  piece  of  the  actual  visible  VdSEL  wafer,  near  the  short  thickness  end  with 
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(311)  A  GaAs  substrate  EiMrgy(eV)  RtfracSvt  Index 


Fig.  3.7  Schematic  diagram  of  the  all-phosphide  visible  VCSEL  for  optical 
pumping  experiments.  Also  shown  is  ^e  real  space,  charge  neutral  energy 
band  diagram  and  real  refractive  index  profile  for  the  optical  cavity  active 
region  and  two  periods  of  the  surrounding  DBRs. 


AIGalnP  Visibla  VCSEL  sample  XC1104C 


field  intensity  on  resonance  and  refractive  index  against  distance  for  the  all- AIGalnP  visible  VCSEL. 
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Fig.  3.9  Photoluminescence  of  an  AlGalnP  quantum  well  optical  cavity  active  region 
calibration  sample  at  300K,  just  prior  to  the  growth  of  the  all-AlGalnP  visible  VCSEL. 
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Table  3.2  MOVPE  Growth  Ust  for  AU-Pfaosphide  Visible  VCSEL  Sample  XCl  104C 


Thickness  (A)  Material 

Index  at  Xo 

Thickness  (A) 

Material 

Index  at  Xo 

(repeat) 

continued 

479.8 

S18.4 

x45 

(Alo.2Gao.8)o.5lno.5P 

AlojInojP 

3.491 

3.231 

1758.7 

(reoeatl 

(Alo.7Gaoj)o.5lno.5P 

3.316 

1758.7 

(Alo.7Gaoj)o.5lno.5P 

3J16 

518.4 

479.8 

x60 

AIo.5Ino.5P 

(AIo.2Gao.8)o.5lno.5P 

3.231 

3.491 

(repeat) 

100.0 

100.0 

x2 

Gao.44lno.56P  (SQW) 
(Alo.7Gao3)ojIno.5P 

3.577 

3.316 

518.4 

5000 

substrate 

AlojIno^P  3.231 

CaAs  3.81  -  i0.16 

(iH'lGaAs  (311)A 

100.0 

Gao.44lno.56P  (SQW) 

3.577 

Bragg  wavdength  Xo  -  670  nm 

all  enitaxial  layers  are  imintentionallv  dooed 

Xq  *  620  nm,  was  etched  in  H3P04:HC1:H20  (1:1:1)  [Lothian  et  al.  1992a,  1992b]  to 
remove  ~half  of  the  top  DBR  stack.  Note  that  the  wet  etchant  is  very  rough  (the  etched 
surface  resembles  the  Mayan  pyramids  in  Mexico),  and  that  this  affects  the  following 
reflectance  measurement.  The  measured  PL  (Ar**  laser  excitation)  and  reflectance  from  a 
single  spot  on  the  etched  test  piece  are  shown  in  Fig.  3.1(Ka)>  The  calculated  emission 
spectrum  and  reflectance  of  the  same  structure  (best  estimation)  is  given  in  Fig.  3.10(b). 
The  model  given  in  Section  4.3  (Chapter  4)  was  used  for  the  emission  spectrum 
calculation.  The  PL  is  filtered  spontaneous  emission  escaping  through  what  is  left  of  the 
top  DBR.  By  comparing  Fig.  3.10  with  Fig.  3.9,  it  is  clear  that  the  peak  of  the  spectral 
gain  from  the  quantum  well  active  region  in  the  actual  visible  VCSEL  sample  occurs  in 
the  vicinity  of  ~67S  nm  (given  the  known  variations  across  an  unrotated  wafer,  see 
Fig.  5.5  in  dlhapter  5).  The  PL  peak  is  expected  to  be  -678  nm  or  longer  at  wafer  center. 
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Fig.  3.10  (a)  Measured  reflectance  and  photoluminescence  from  the  all-AlGalnP  visible 
VCSEL  at  Ae  short  end  of  the  wafer,  with  "half  of  the  top  DBR  periods  removed,  and 
(b)  coiresponding  calculated  reflectance  and  spontaneous  emission  spectrum. 
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As  with  the  hybrid  structure  described  in  Section  3.3,  the  "all-pho^hide"  VCSEL 
is  grown  without  rotation,  such  that  the  Fabry-Perot  resonance  wavelength  varies 
-linearly  with  centerline  position  across  the  two  inch  wafer  from  -690  nm  to  -620  nm. 
This  represents  a  layer  thickness  variation  of  -14%  (sec  Fig.  2.18).  The  thickness 
variation  is  larger  than  fw  the  AlGaAs  DBR  structure  because  a  higher  growth  {nrssure 
(110  mbar,  instead  of  80  mbar)  is  used  to  grow  AlGaInP.  Also,  since  the  differential 
refractive  index  of  the  Alo.5lno.5P/(AlojGao,8)o.5lno.5P  DBRs  is  smaller  than  for  the 
AlAs/Alo.5Gao.sAs  DBR  (see  Chapter  2),  the  reflectance  bandwidth  is  smaller. 
Figure  3.11  shows  the  measured  reflectance  spectra  at  several  points  across  the  wafer 
centerline.  The  range  of  lasing  wavelengths,  described  below,  is  within  the  dashed  lines. 

Optically  pumped  lasing  is  achieved  from  668.2  to  676.8  nm.  Figure  3.12  is  a  plot 
of  the  lasing  spectrum  at  676.8  nm  (solid  curve).  Also  shown  is  the  attenuated  dye  laser 
pump  at  637  nm,  and  the  reflectance  of  the  structure  (dashed  curve)  at  the  same  spot  on 
the  wafer.  The  laser  emission  is  shifted  (-2  nm)  longer  than  the  Fabry-Perot  wavelength 
from  the  reflectance  measurement  due  to  heating.  The  shift  corresponds  to  an  increase  in 
temperature  of  -50  ®C  (see  Table  2.7). 

The  average  incident  pump  power  at  threshold  for  the  all-phosphide  structure  in 
Table  3.2  as  a  function  of  emission  wavelength  (or  equivalently  wafer  position)  is  plotted 
in  Fig.  3.13(a).  The  data  is  for  pumping  with  the  mode-locked  Nd:YAG/dye  lasos  with 
5  ps  pulses  at  a  period  of  -1 1  ns.  Similar  results  where  obtained  for  pumping  with  the 
Ar^/dye  lasers  with  100  ns  pulses  at  a  period  of  1.0  ps,  except  that  device  heating 
decreased  the  range  of  observed  lasing  wavelengths.  The  results  are  qualitatively  similar 
to  the  results  of  Section  3.4,  where  the  observed  range  of  lasing  wavelengths  are  blue- 
shifted  relative  to  the  peak  of  the  measured  PL  emission  from  the  quantum  well  active 
region.  The  L-L  (light-in  vs.  light-out)  characteristic  at  Xq  =  672  nm  is  shown  in 
Fig.  3.13(b).  The  output  power  quickly  rolls  over  due  to  heating  effects. 
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Fig.  3.12  Optically  pumped  lasing  spectrum  at  Xq  =  676.8  nm  for  the  all-AlGalnP 

visible  VCSEL.  The  attenuated  dye  laser  pump  is  also  shown  (at  X©  =  637  nm),  as  is  the 
corresponding  reflectance  spectrum  at  normal  incidence. 
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3.6  Analysis  of  Results 

This  Section  presents  a  qualitative  analysis  of  the  experimental  results  presented 
in  Sections  3.4  and  3.5.  Figure  3.14(a)  shows  the  calculated  central  standing  wave  and 
real  refractive  index  profile  for  the  hylxid  visible  VCSEL  at  resonance  wavelengths  fnxn 
660  to  680  nm.  These  wavelengths  cover  the  range  of  lasing  observed  in  SectitHi  3.4  (see 
Fig.  3.6),  and  correspond  to  the  thickness  variations  observed  in  the  unrotated  VCISEL 
wafer.  The  quantum  wells  are  taken  as  10  nm  thick,  and  the  step-graded  SC!H  structures 
are  replaced  with  a  conventional  SCH,  for  simplicity.  The  sets  of  quantum  wells  are 
spatially  offset  due  to  the  increasing  refractive  indices  with  decreasing  wavelength.  The 
physical  thickness  of  the  DBR  periods  decreases  as  the  wavelength  decreases.  The 
standing  wave  intensity  antinode  is  highest  at  660  nm,  and  lowest  at  680  nm.  This  is  due 
to  the  increased  reflectance  of  the  DBRs  (increased  An/n)  as  the  resonance  wavelength 
decreases.  The  number  of  DBR  penods  remains  constant,  while  the  differential  refractive 
index  increases  with  decreasing  wavelength.  The  relative  coaHnement  factor  is 
essentially  constant  at  Fr »  1.41  ±  0.02.  over  the  given  resonance  range.  In  contrast,  the 
DBR  reflectivity  (and  thus  the  phase  penetration  lengths,  ~580  nm  at  660  nm,  ~610  nm  at 
680  nm)  varies  with  resonance  wavelength  as  shown  in  Fig.  3.14(b).  From  Eq.  (2.24) 
with  am  =  25  cm'^  and  50  cmfl,  and  neglecting  other  absorptive  losses,  the  threshold  gain 
versus  resonance  wavelength  is  calculated  and  is  shown  in  Fig.  3.14(b).  Although  the 
threshold  gain  decreases  for  shorter  wavelengths,  the  behavior  does  not  explain  the 
discrepancy  between  the  experimental  peak  spectral  gain  from  the  active  region 
calibration  samples,  and  the  range  of  observed  lasing  wavelengths.  The  experimental 
results  suggest  that  lasing  is  achieved  with  significant  gain  contributions  from  the  second 
(n=2)  quantized  state. 
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Fig.  3.14  Calculated  (a)  central  standing  wave  and  real  refractive  index  profile  at 
resonance  wavelengths  from  660  to  680  nm,  and  (b)  corresponding  reflectance 
(R  =  VRfkb)  and  threshold  gain  (with  the  given  mirror  loss)  versus  resonance 
wavelengdi,  both  for  the  optically  pumped  hybrid  visible  VCSEL. 
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Figure  3.1S(a)  qualitatively  shows  the  shape  of  estimated  gain  curves  in  and 
around  the  n=2  gain  peak  for  a  GalnP  quantum  well  with  increasing  carrier  density  and 
temperature  (gain  curves  1,  2,  3,  and  4).  The  gain  curves  are  similar  to  those  in 
Fig.  2.33(b).  The  quasi>parabolic  shape  of  the  data  in  Fig.  3.6  for  the  hybrid  visible 
VCSEL  is  reproduced  in  Fig.  3.15(b).  Note  that  this  sh^  is  similar  to  the  inverse  shape 
of  the  gain  curves  at  the  n=2  gain  peak.  It  is  assumed  that  the  gain  at  the  n=l  peak 
remains  below  gth  due  to  high  cavity  losses,  or  due  to  insufficient  gain.  Insufficient  gain 
could  be  due  to  a  variety  of  factors  such  as  excess  heating  causing  carrier  leakage  out  of 
the  well.  Indeed,  much  of  the  incident  pumping  power  is  absorbed  in  the  GaAs  substrate 
and  converted  to  heat.  In  Fig.  3.15(a),  curve  1  rises  to  point  A  on  the  threshold  gain 
curve.  This  corresponds  to  point  A  in  Fig.  3.15(b)  at  the  threshold  minimum.  Curves  2 
and  3  represent  increasing  quantum  well  gain  with  a  red-shift  due  to  heating  and  due  to  a 
high  density  of  carriers  in  the  well.  The  red-shift  overwhelms  the  small  blue-shift  in  the 
gain  curve  that  is  associated  with  band  filling.  Point  B  in  Fig.  3.15(a)  is  first  reached  by 
the  shoulder  of  gain  curve  2.  In  curve  4,  the  gain  decreases  and  red-shifts  further  due  to 
excessive  device  heating.  With  further  increases  in  carrier  density,  the  gain  drops  below 
the  required  threshold  value.  Points  A,  B,  and  C  can  be  traced  out  from  Fig.  3.15(a)  and 
used  to  construct  the  quasi-parabolic  curve  in  Fig.  3.15(b),  as  shown. 

A  similar  analysis  is  possible  for  the  all-AlGalnP  visible  VCSEL,  in  order  to  trace 
out  the  quasi-parabolic  curve  shown  in  Fig.  3.13(a).  This  type  of  analysis  can  also  be 
used  to  qualitatively  explain  the  shape  of  the  L-L  curve  in  Fig.  3.13(b),  with  the  help  of 
Fig.  2.30  in  Chapter  2.  Recall  that  the  peak  of  the  quantum  well  spectral  gain  red-shifts  at 
a  faster  rate  than  does  the  Fabry-Perot  resonance  with  increasing  temperature  (or 
equivalently  increasing  optical  pump  power).  Once  passed  threshold,  the  L-L  curve 
rises  sharply  and  then  rolls  over  with  increasing  pump  power.  This  correlates  to  the 
rising,  and  red-shifting  of  the  quantum  well  gain,  relative  to  the  Fabry-Perot  resonance. 
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Fig.  3.15  Qualitative  analysis  of  the  gain  versus  lasing  wavelength  results  for  the 
optically  pumped  hybrid  AlGaInP/AlGaAs  visible  VCSEL.  (a)  Ctdculated  threshold 
(Aick  solid  line)  and  quantum  well  gain  curves  1  to  4  (other  lines)  in  and  around  the  n=2 
gain  peak  with  increasing  pump  energy,  (b)  Repeated  Fig.  3.6,  showing  pumping 
threshold  versus  lasing  wavelength  across  an  unrotated  wafer. 
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Eventually,  the  gain  peak  red-shifts  passed  the  Fabry-Perot  resonance  and  the  power 
output  decreases. 

The  themutl  resistivity  of  Gao.slno.sP  (  "19  cm  ^C/W)  is  higher  than  that  for 
AlGaAs  (<  10  cm  °C7W)  [Bour  1993].  Thus  it  is  not  surprising  that  the  operating 
temperature  of  the  all-AIGalnP  visible  VCSEL  is  higher  than  that  for  the  equivalent 
hybrid  device,  and  that  the  range  of  lasing  wavelengths  is  reduced.  To  achieve  lasing  near 
the  n=l  gain  peak  at  lower  carrier  densities,  either  the  device  losses  must  be  reduced  or 
the  available  gain  increased.  The  VCSELs  discussed  above  are  undoped,  and  the  losses 
due  to  free  carrier  absorption  should  be  small.  Table  3.3  compares  the  hybrid  visible 
VCSEL  discussed  in  Section  3.4  to  three  other  hybrid  visible  VCSELs  from  previous 
studies.  The  results  are  obtained  from  identical  experimental  conditions.  These  structures 
are  similar  to  the  structure  in  Table  3.1,  except  for  the  number  of  DBR  periods,  and  the 
thickness  of  the  quantum  wells  and  the  separation  layers.  Also,  the  optical  cavity 
thickness  is  iX.  The  results  in  Table  3.3  suggest  that  the  gain  from  the  10  nm  thick 
quantum  wells  with  10  nm  thick  separation  layers  is  less  efficient  than  the  gain  achieved 
from  the  thinner  wells  and  barriers.  As  presented  in  Ch^ter  S,  similar  results  are  obtained 
for  electrically  injected  visible  VCSELs.  Visible  VCSEL  diodes  with  10  nm  thick 
quantum  wells  and  barriers  are  able  to  lasc  only  with  significant  gain  cmitributions  from 
the  n=2  quantum  well  state,  at  threshold  current  densities  of  Jth  ~4.2  kA/cm^.  In  ccuitrast, 
identical  devices  with  thinner  6  nm  quantum  wells  and  barriers  lase  with  gain 
contributions  predominantly  from  the  n=l  quantum  well  state,  with  Jth  ~2  kA/cm^. 

3.7  Conclusions 

Optically  pumped  lasing  in  visible  VCSELs  with  AlGalnP  strained  quantum  well 
optical  cavity  active  regions  and  AlAs/AlGaAs  and  AlInP/AlGalnP  DBRs  was 
investigated.  For  undoped,  unrotated  (during  MOVPE  growth)  wafers,  lasing  was 
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Table  3.3  Comparison  of  Optically  Pumped  Hybrid  Visible  VCSELs 


Wafer 

IJ). 

Number 

ofQWs 

Thickness 

QW/Barrier 

(nm^rn) 

Number! 

ofTop 

DBRs 

Nionber! 
of  Bottom 
DBRs 

PL  Peak 
Emission  at 
300Kfnm) 

Lasing  Wavelength 
at  Minimum 
Threshold  (nm) 

XB1024Bt 

3 

31 

40.S 

-655 

-657 

XC0227C 

4 

6/7 

31 

-650 

-650 

XCQ214B 

3 

6/7 

31 

-660 

-665 

XC0915C 

3 

33 

45.5 

-683 

-665 

^[R.  P.  Schneider  et  al.  1992a] 
i  includes  a  XJ4  InojAlo^  layer  (see  Table  3.1) 


achieved  at  ~rooin  temperature  from  661.8  to  675.0  nm  in  the  hybrid  structure,  and  from 
668.2  to  676.8  nm  in  the  all-AlGalnP  structure.  The  lasing  wavelengths  were  blue-shifted 
from  the  peak  of  the  room  temperature  PL  spectra  measured  from  the  quantum  well 
active  regions.  This  phenomena  was  qualitatively  explained  by  using  a  conventional 
quantum  well  gain  model.  It  was  shown  that  lasing  was  achieved  due  to  significant  gain 
contributions  from  the  n=2  quantized  quantum  well  state.  The  optically  pumped  samples 
were  undoped,  and  the  DBRs  were  conservatively  designed  (i.e.  large  numbers  of  DBR 
pairs,  and  thus  high  values  of  reflectance).  Thus,  it  was  expected  that  the  cavity  losses 
(i.e.  absorption)  and  the  gain  threshold  would  be  minimal.  The  measured  characteristics, 
however,  suggest  that  the  gain  from  the  active  region,  composed  of  10/10  nm  thick 
quantum  well/barrier  layers,  was  inefficient  and  thus  not  an  optimal  design.  This 
hypothesis  was  corroborated  by  comparing  the  present  device  results  to  results  from 
similar  hybrid  visible  VCSELs,  with  6/7  nm  thick  quantum  well/barrier  layers  (a  more 
efficient  design  due  to  improved  standing  wave  overlap).  These  latter  optically  pumped 
structures  operated  with  gain  contributions  primarily  from  the  n=l  quantized  quantum 
well  state. 
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Chapter  4  Resonant  Cavity  Light  Emitting  Diodes 


4.1  Introduction 

Resonant  cavity  light  emitting  diotks  (RCLEDs)  have  attracted  interest  due  to 
their  increased  output  intensities,  narrow  spectral  linewidths,  and  narrow  radiation 
pattern,  as  compared  to  conventional  LEDs.  These  devices  consist  of  an  optical  cavity 
active  region  placed  within  an  asymmetric  Fabry-Perot  etalon.  The  etalon  mirrors  arc 
typically  quarter-wave  (X,/4)  semiconductor  or  dielectric  distributed  Bragg  reflectors 
(DBRs),  or  metal  films  over  phase  matching  layers.  One  DBR  has  a  reflectance  (R)  near 
100%  at  the  Bragg  wavelength  while  the  other  coupling  DBR  has  R  ^  97%,  which 
determines  the  etalon  cavity  quality  factor  (Q).  Spectral  linewidth  is  selected  by  the 
cavity  Q,  and  decreases  as  Q  increases.  Spatially  localized  gain  layers,  such  as  quantum 
wells,  are  placed  at  the  antinodes  of  the  electric  field  intensity  (in  the  optical  cavity), 
resulting  in  enhanced  spontaneous  emission  on  resonance  [Bjbrk  etal.  1991,  Feng  1991, 
Lei  and  Deppe  1992,  Lei  et  al.  1993].  The  thickness  of  the  optical  cavity  (microcavity)  is 
on  the  order  of  the  emission  wavelength.  The  RCLED  is  a  potential  light  source  in 
applications  such  as  wavelength  division  multiplexing,  optical  fiber  communications,  free 
space  optical  interconnects,  and  integrated  optical  logic.  Visible  (~560  to  690  nm) 
RCLEDs,  composed  of  AlGalnP  quantum  well  or  bulk  layer  active  regions,  have 
potential  application  in  local  area  networks  based  on  polymer  optical  fibers  [Dutt  et  al. 
1988],  and  for  fabrication  into  densely  packed  one-  or  two-dimensional  arrays  for  optical 
interconnect  and  monochromatic  display  applications.  Compared  to  vertical  cavity 
surface  emitting  lasers  (VCSELs),  RCLEDs  are  easier  to  fabricate  and  have  relaxed 
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epitaxial  growth  tolerances,  but,  they  have  lower  output  powers  and  broader  spectral 
linewidths. 

Much  like  the  quantization  of  energy  states  in  quantum  wells,  modes  are 
quantized  in  microcavities.  A  fundamental  quantum  electrodynamic  effect  is  the  coupling 
of  spontaneous  emission,  generated  within  a  microcavity,  to  the  modes  of  the  microcavity 
[De  Martini  et  al.  1987,  Haroche  and  Kleppner  1989,  Baba  et  al.  1991,  Yamamoto  and 
Slusher  1993].  For  RCLEDs,  the  rate  of  spontaneous  emission,  for  a  given  wavelength,  is 
increased  or  decreased  (enhanced  or  inhibited)  depending  on  the  parameters  of  the 
microcavity  at  that  wavelength.  Example  parameters  include  the  cavity  optical  thickness, 
the  minor  reflectance  and  reflectivity  phase,  and  the  exact  placement  of  the  gain  layers 
within  the  microcavity.  The  first  demonstration  of  enhanced  and  inhibited  spontaneous 
emission  in  all-semiconductor  microcavity  LEDs  was  achieved  in  1990  [Deppe  et  al., 
Rogers  et  al.].  This  first  structure  consisted  of  Ga0.gIn0.2As  quantum  wells  surrounded  by 
GaAs  barrier  layers,  and  the  output  was  enhanced  spontaneous  emission  at  ~980  nm.  This 
was  followed  by  IR  "R(XEDs"  that  emitted  at  ~860  nm  [Schubert  et  al.  1992]  and  at 
~1.3  and  1.55  pm  [Hunt  et  al.  1992a,  1992b].  These  structures  were  similar  to 
conventional  IR  VCISELs,  except  that  the  reflectance  of  the  coupling  mirror  was  kept  low 
to  prevent  lasing.  The  first  visible  RCXEDs,  composed  of  an  AlGalnP  quantum  well 
active  region  surrounded  by  AlAs/AlGaAs  DBRs,  were  reported  in  February  1993 
[Lott  et  al.  1993a].  This  was  soon  followed  by  the  first  report  of  all-AlGalnP  visible 
RCLEDs  in  June  1993  [Lott  et  al.  1993b].  With  the  all-AlGalnP  approach,  emission  is 
possible  at  wavelengths  as  short  as  ~560  nm  by  using  bulk  layers  (or  a  short  period 
superlattice)  in  the  active  region.  Thus,  high  density  arrays  of  multi-color  (red,  orange, 
yellow,  green)  RCXEDs  should  be  possible.  Devices  similar  to  RCLEDs,  called 
"high-brightness"  LEDs,  where  a  DBR  high  reflector  was  placed  beneath  the  active 
region,  were  also  reported  [Kato  et  al.  1991,  Sugawara  et  al.  1992]. 
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This  Chapter  presents  the  fabricatitm,  modeling,  and  characterization  of  RGLEDs 
with  both  GalnAs/GaAs  q>tical  cavity  active  regitms  (emitting  at  ~980  nm),  and  with 
AlGalnP  t^tical  cavity  active  regions  (emitting  at  ~670  nm).  The  results  are  significant  in 
that:  1)  they  include  a  classical  model  that  predicts  the  spontaneous  emission  q>ectrum 
for  arbitrary  RCLEDs,  and  fen-  the  first  tioM  considers  DBR  reflectivity  phase,  finite 
photon  coherence  time,  and  absorptive  cavity  losses;  2)  they  include  the  Hrst 
characterization  and  analysis  of  an  all-semiconductor  IR  RCLED,  before  and  after  some 
dielectric  DBR  periods  were  added  to  transform  the  RCLED  into  a  VCSEL;  and  3)  they 
include  the  spectral  characterization  and  analysis  of  the  first  visible  RCLEDs. 

This  Chapter  is  organized  as  follows.  Section  4.2  overviews  the  fabrication 
sequences  for  the  RCLEDs.  Next,  Section  4.3  presents  a  Classical  Wave  Interference 
Model,  which  is  used  to  model  the  relative  intensity  and  spectral  characteristics  (i.e.  the 
enhanced  and  inhibited  spontaneous  emission)  from  one  side  of  an  RCLED.  Section  4.4 
presents  the  results  from  an  infrared  (Xq  ~980  nm)  RCLED  composed  of  GalnAs 
quantum  wells  and  AlGaAs  DBRs.  This  IR  RCLED  is  transformed  into  an  IR  VCSEL  by 
increasing  the  reflectance  of  the  top  coupling  DBR,  by  adding  a  few  dielectric  DBR 
periods.  The  subsequent  characteristics  of  the  hybrid  IR  VCSEL  arc  presented.  Next, 
Section  4.5  presents  the  spectral  characteristics  of  hybrid  AlGaInP/AlGaAs  visible 
RCLEDs,  and  Section  4.6  follows  with  the  design  and  spectral  characteristics  of 
all-AlGalnP  visible  RCLEDs.  Finally,  Section  4.7  contains  the  C!hapter  conclusions. 

4.2  Device  Fabrication 

The  RCXEDs  were  fabricated  using  the  same  basic  sequences  as  described  for  the 
C^ick  VeSELs  and  the  ion  implanted  VCSELs  in  (Chapter  5  (see  Section  5.2).  These  are 
not  the  optimal  geometries  for  RCLEDs,  but  arc  sufficient  to  investigate  the  basic  device 
spectral  emission  characteristics.  A  cross-section  schematic  diagram  of  a  completed  IR 
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RCLED  is  shown  in  Fig.  4.1.  The  device  is  fabricated  as  follows.  Photoresist.  3  lun  thick, 
is  patterned  in  the  reverse  image  of  the  top  ccmtact  pad.  Hydrogen  kms  are  implanted  with 
a  dose  of  1  to  S  x  10*^  cnP,  to  a  depth  just  above  the  top  DBR/optical  cavity  intoface 
(for  10 1(^  AlxGai.xAs  DBR  periods  at  Xo  -  nm,  this  depth  is  ~1.S  pm,  requiring  an 
implant  accelerating  potential  of  ~130  keV).  After  the  inqtlant,  Ti/Au  (30  nm/270  nm) 
p-contact  metal  is  deposited  by  e-beam  evaporation.  The  self-aligned  top  contact  is  then 
lifted-off.  The  contact  pads  are  rectangular  (40  x  60  pm),  with  (^tical  tq)ertures  (holes 
with  circular  diameters)  of  10,  IS,  20.  or  30  pm.  Next,  the  rectangular  contacts  are 
masked  with  photoresist,  and  the  exposed  material  is  renx>ved,  either  by  a  wet  etchant 
(such  as  H3P04:H202:H20,  with  a  volume  rwio  of -1:1:10),  or  by  conventional  reactive 
ion  etching  using  a  BQ3/Q2  plasma.  The  material  is  etched  down  just  through  the  t^tical 
cavity  active  region.  For  wet  etching,  it  is  possible  to  visually  count  the  DBR  periods  as 
they  are  etched  by  observing  the  series  of  light  and  dark  reflections.  In  contrast  to  the 
schematic  in  Fig.  4.1,  the  wet-etched  sidewalls  are  sloped.  FtH-  dry  etching,  the  etch  depth 
is  determined  in  real  time  by  using  in  situ  reflectance  monitoring  (see  Fig.  2.12).  The 
etching  creates  mesas  and  isolates  individual  devices.  The  final  step  is  the  deposition,  by 
e-beam  evaporation,  of  n-type  contact  metal  (Ge  -20  nm/  Au  -SO  nm/  Ni  -10  nm/  Au 
-300  nm)  on  to  the  entire  back  surface  of  the  substrate.  This  contact  is  subsequently 
annealed  at  -400  °C  for  30  seconds  to  in:q)rove  the  ohmic  contact 

A  schematic  diagram  of  a  completed  all-AlGalnP  visible  RGLED  is  shown 
in  Fig.  4.2.  The  devices  were  fabricated  as  follows.  A  photoresist  implant  mask 
was  patterned  in  the  reverse  image  of  the  top  contact  for  implantation  with 
5  X  10^^  hydrogen  ions/cm^  at  an  energy  of  70  keV.  (A  recent  study  revealed  that 
H'*’  does  not  effectively  electrically  isolate  Alo.sIno.sP>  even  at  very  high  doses 
[Zolper  et  al.  1993].  However,  nroderate  doses  (-1  x  10^^  cnr^)  of  either  argon  or  oxygen 
were  shown  to  electrically  isolate  Alo.sIno^P).  Next,  self-aligned  p-electrode  metal 
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Fig.  4. 1  Schematic  diagram  of  (a)  a  fabricated  IR  RCLED  and  (b)  the  top  contact 
pad.  The  optical  aperture  diameter  is  10  (shown),  15, 20,  or  30  pm. 


125 


Annulus  Contact  (>«i«ctrode 
O-Implant  / 


(not  to  seal*} 


Fig.  4.2  Schematic  cross  section  diagram  of  the  all-AlGalnP  visible  RCLED.  Also 
shown  is  the  relative  index  profile  of  the  optical  cavity  active  region  and  adjacent 
pairs  of  DBRs.  The  top  inset  is  an  alternate  annulus  top  contact  geometry 
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(Ti/Au)  was  e-beam  deposited  and  lifted-off.  The  entire  p-electrode  was  then  masked 
with  photoresist  and  a  second  double  hydrogen  ion  implant  was  performed  at  energies  of 
70  keV  and  40  keV  to  isolate  the  devices  without  mesa  etching.  Finally,  n-type  ohmic 
contact  metal  (GeAu/Ni/Au)  was  e-beam  deposited  onto  the  back  surface  and  annealed  as 
above.  For  this  device  geometry,  a  minimum  thickness  of  about  5  DBR  periods  is  needed 
to  adequately  spread  current  from  the  top  contact  into  the  active  emitting  area  while 
maintaining  a  moderately  low  resistance.  For  less  than  S  periods  a  phase  matching  layer 
could  be  used  as  part  of  the  top  coupling  stack  to  insure  efficient  current  injection. 

4.3  Classical  Wave  Interference  Model 

This  Section  contains  the  derivation  of  a  Qassical  Wave  Interference  Model.  This 
model  predicts  the  relative  intensity  and  spectral  characteristics  of  the  emission  from  one 
side  of  an  asymmetric  multilayer  Fabry-Perot  etalon  structure  (see  Section  2.5).  The 
active  segment  in  the  optical  cavity  is  a  quantum  well,  which  in  the  theory  is  taken  as  a 
spatially  localized  dipole  emitter.  The  derivation  follows  that  in  [Huang  et  al.  1992, 
Lei  et  al.  1993b,  1993c]  but  is  more  general  in  that  it  includes  the  DBR  reflectivity  phase 
terms  (6i  and  62).  Additionally,  analytical  equations  are  given  that  acct  ant  for  round  trip 
cavity  losses,  and  for  finite  coherence  length.  This  model  is  useful  for  the  first  order 
analysis  of  the  (inhibited  and  enhanced)  spontaneous  emission  spectra  emitted  from 
resonant  microcavities  containing  optical  cavity  (quantum  well)  active  regions.  The 
limitations  of  the  model  are  also  discussed. 

Figure  4.3  shows  a  schematic  diagram  of  the  multilayer  Fabry-Perot  etalon 
resonant  cavity.  The  quantum  well  is  taken  as  a  spatially  isotropic  dipole  emitter  that  is 
placed  at  an  arbitrary  distance  Li  and  L2  from  the  DBR  mirrors.  The  thickness  of  the 
optical  cavity  is  L  =  Li  +  L2.  The  dipole  emits  coherent  electromagnetic  radiation 
(spontaneous  emission)  in  the  form  of  impulse  (single  event)  wave  packets  with  electric 
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Ri'Pi’^i  quantum  well  R3.p>62 
dipole  emitter 


Fig.  4.3  Schematic  diagram  of  a  multilayer  Fahry-PCrot  etalon  for  use  with  the 
Qassical  Wave  Interference  Model  [after  Lei  et  al.  1993a]. 
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field  amplitude  E(t).  The  wave  packet  intensity  spectnim  is  approximately  Gaussian,  and 
is  similar  to  the  electroluminescence  spectrum  of  a  conventional  light  emitting  diode,  or 
to  the  photoluminescence  spectrum  of  a  quantum  well  structure.  The  coherence  time  (Xc) 
of  the  spontaneous  emission  is  taken  to  be  much  longer  than  the  photon  lifetime  in  the 
cavity.  The  DBRs  are  modeled  as  mirrors  with  transmittivity  T,  reflectivity  p,  reflectivity 
phase  6,  transmittance  T,  and  reflectance  R,  all  functions  of  wavelength.  These 
parameters  are  readily  calculated  using  the  matrix  method  described  in  Appendix  C.  For 
simplicity,  the  DBRs  are  treated  as  single  interfaces  of  negligible  spatial  extent. 

The  electric  field  amplitude  emitted  out  the  top  (side  1)  DBR  mirror  (Eri)  is  a 
summation  of  wave  train  pulses  due  to  the  repetitive  reflections  within  the  optical  cavity, 
analogous  to  the  Airy  series  that  results  for  conventional  Fabry-Perot  et^ons  [MacLeod 
1989].  At  normal  incidence 


ERi(t  -  Li/c)  =  ti  E(t)  +  tiP2  E(t  +  2L2/C) 

+  T1P1P2  E(t  +  2L/c)  +  Tipip|E(t  +  2L2/C  +  2L/c)  (4.1) 

+  Tipfp|E(t  +  4L/c)  +  Tipjp2E(t  +  2L2/C  +  4L/c)  + .  .  . 


where  Ti  is  the  complex  transmittivity  coefficient  of  DBR  1  (as  seen  from  inside  the 
optical  cavity),  p  1  and  p2  are  the  complex  reflectivity  coefficients  of  DBR  1  and  2, 
respectively  (as  seen  from  within  the  optical  cavity),  t  is  time,  c  =  Co/iicav  is  the  speed  of 
light  in  the  optical  cavity,  and  ncav  is  the  refractive  index  of  the  optical  cavity.  The 
frequency  spectrum  emitted  out  of  DBR  1  is  found  by  taking  the  Fourier  transform 
of  Eq.  (4.1) 
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:  =  J  ti  E(t)  c*"  dt  +  J 


ERi(t  -  Li/c)  c««*  dt  =  I  ti  E(t)  c‘«  dt  +  I  T1P2  E(t  +  7Lq/c)  c»«“  dt 


i 


tipiPa  E(t  +  2L/c)  e'«“  dt  +  I  tipip^ECt  +  TLq/c  +  2L/c)  c*«*  dt 


+  TiPiP2E(t  +  4L/c)  c'®* dt  +  j  TiPiP2E(t  +  2L2/C  +  4L/c)  e*®* dt  + 


(4.2) 


where  a  factor  of  l/2it  has  been  canceled  from  each  term.  The  electric  field  impulse 
emerging  from  DBR  1  is  more  precisely  given  by 

S(t-gE(t)  (4.3) 

where  to  is  the  time  the  pulse  first  appears  and  5  is  the  Kronecker  (delta)  function 

I  8(t-to)dtsl  (4.4) 

The  first  term  on  the  left  hand  side  (L.  H.  S.)  of  Eq.  (4.2)  is  thus 

L.  H.  S.  =  f  8(t  -  to)  ERi(t  -  Li/c)  eiw  dt  (4.5) 
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Since  c*®*  is  slowly  varying  in  the  vicinity  of  t©  =  t  -  Lj/c,  it  can  be  taken  out  of  the 
integral  as  the  constant  c‘“*o  =  a:),  resulting  in 

ei«(t  -  Wc)  Er,(<d)  j  8(t  -  to)  dt  =  ei«X‘  -  WO  Eri(o))  (4.6) 

This  same  integration  scheme  is  performed  on  every  term  on  the  right  hand  side  of 
Eq.  (4.2).  The  resulting  relation  at  t  =  0  is 

Eri(©)  e-'®^A:  =  E((D)  [xi  +  tiP2  e*®^®  +  TiPiP2  e**®^® 

+  +  + .  .  .]  (4.7) 


The  right  hand  side  (R.  H.  S)  of  Eq.  (4.7)  may  also  be  written  as 


R.H.S.  =  E«i))ti  (  X 


[p“p5c‘®<2«Lfc)  +  pyp^2“  ‘^ci“(2Uc  +  2uUc)]| 


The  magnitude  IE(od)|2  is  the  frequency  intensity  spectrum  of  an  initial  wave  packet  inside 
the  cavity.  The  variables  x  and  p  are  in  general  complex,  for  example  p  =  a  +  i^.  In 
phasor  notation  p  =  Iple*,  where  Ipl  =  V  and  0  =  tan-^(P/a). 

The  infinite  series  in  Eq.  (4.7)  is  made  recurrent  by  dividing  through  by 
pip2e*“2L/c,  resulting  in 


Eri(ci)) 

P1P2 


=  Xi  E((o) 


+  ERi(a))e'®(‘-WO 


(4.9) 
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Rearranging  Eq.  (4.9) 

Eri(<‘>)  C-^>^  [l  -  pip2  C““2L/c]  -  X,  E(£|))  [  1  +  p2  C*®2Wc]  (4.10) 

Replacing  pi  and  P2  with  phasor  notation  in  Eq.  (4.10)  results  in 

Eri((d)  [l  -  |pi|  N  + ®t + ®i)]  =  t  j  £(©)  [  1  +  IP2I  e<«^ + ^)]  (4. 1 1 ) 

The  intensity  of  the  emission  spectrum  is  found  by  squaring  (using  the  complex 
conjugates)  both  sides  of  Eq.  (4.11)  and  solving  for  IERi((i>)|2.  The  left  hand  side  of 
Eq.  (4. 1 1 )  reduces  to 

L.  H.  S. »  |Eri(©)P  [l-2|pij|p2|cos(2cDUc  +  ei+e2)+RiR2]  (4.12) 
and  the  right  hand  side  of  Eq.  (4. 1 1)  reduces  to 

R.  H.  S.  =  Ti  |E(©)p  [  1  +  2  jp2j  cos(2©L2/c  +  82)  +  R2]  (4. 1 3) 

Solving  for  IEri(©)|2  by  equating  Eqs  (4.12)  and  (4.13)  results  in 

[1  -  2  |pi|  |p2j  cos(2©L/c  +  01  +  02)  +  Ri  R2 

The  value  of  IEri(©)|2/1E(©)|2  represents  a  spontaneous  emission  enhancement  factor. 

Loss  mechanisms  such  as  scattering  and  absorption  are  neglected  in  the  derivation 
of  Eq.  (4.14),  except  for  those  that  are  included  in  the  matrix  calculations.  Consider  a 


132 


pheiKMnenological  loss,  where  e%  is  the  loss  due  to  one  round  trip  pass  in  the  t^cal 
cavity.  For  example,  ^  could  equal  -ocL«jfr«  where  a  is  the  material  absorption  coefficient 
and  Leff  is  the  effective  cavity  length  (see  Section  2.2).  With  this  simple  loss  mechanism, 
Eq.  (4.14)  becomes 

Ti|E(0))P[i -t-2e^|p2|coj2mL2/c4-e2)-«-e^2]  ^4 

[e?/2 . 2e5  |pj|  cos(2calVc  +  61  +  62)  +  e^^/^Ri  R2 


Note  that  ^  (through  a)  is  wavelength  dependent. 

Equation  (4.14)  is  valid  for  infinite  tc.  For  an  actual  quantum  well  microcavity 
structure,  the  value  of  tc  is  given  by  [Saleh  and  Teich  1991] 


(4.16) 


where  Av  is  the  spectral  half  width  frequency  of  the  quantum  well  emission  without  the 
presence  of  the  microcavity  (equal  to  the  spectral  half  width  of  IE(q))I^  for  the  present 
case).  For  GalnP  quantum  well  structures  emitting  in  the  visible  (620  to  690  nm), 
Av  ~  1  X  10^3  s-l^  and  thus  from  Eq.  (4.16)  tc  -  100  fs.  The  coherence  length  (Ic)  is  given 
by  [Saleh  and  Teich  1991] 


Ic  — Cotc/Ocav  (4.17) 

For  an  AlGalnP  semiconductor  optical  cavity  with  a  refractive  index  of  ncav  ®  3.3,  the 
coherence  length  for  the  above  example  is  Ic  ~  9  pm.  The  microcavities  of  interest  in  this 
dissertation  are  typically  doc  0.1  to  1.5  thick  (not  including  the  phase  penetration 
lengths).  The  corresponding  number  of  round  trips  in  the  optical  cavity  for  which 
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coherence  is  maintained  is  lc/2d  «  9A).2  =  45  or  less.  Consider  a  2X  cavity  =  650  nm, 
thus  doc  1^2  =  10  and  Ri  s  0.5.  The  field  anoplitude  (neglecting 

absorption)  after  10  round  trips  is  about  ti(pi)i9(p2)*®E  »  0.016E  and  the  extra  terms 
beyond  this  point  that  are  included  in  Eq.  (4.7)  are  negligible.  Thus,  Eq.  (4.14)  should  be 
a  good  estimate  of  the  emission  spectrum  for  this  case.  In  contrast,  if  R2  =  1-0  and 
Rl  =  0.9,  the  field  amplitude  after  10  round  trips  is  about  0.53E  and  Eq.  (4.14)  will  over 
estimate  the  intensity  of  the  spectrum. 

For  short  coherence  lengths  or  for  cavities  with  high  DBR  reflectances,  a 
phenomenological  correction  to  the  predicted  spectral  intensity  given  by  Eq.  (4.14)  is 
possible  by  subtracting  from  it  the  spectral  cmitiibutions  of  the  wave  train  pulses  that  exit 
DBR  1  after  a  certain  number  of  round  trip  passes  in  the  cavity.  If  u-1  round  trips  are 
allowed  (round  u-1  down  to  the  nearest  integer),  then 

|Eri((i»P  _  T,|pip“|pap“[lt2|p2|cos(2ll>L2/c->e2)->R2] 

|E((i))p  [l-2|pi||p2(cos(2o)L/c  +  ei+92)  +  R|R2] 

represents  the  relative  spectral  intensity  that  should  be  subtracted  from  the  value  obtained 
with  Eq.  (4.14).  Since  the  loss  of  phase  coherence  is  not  abrupt  but  gradual,  this 
procedure  is  strictly  an  approximation  and  represents  a  lower  limit  for  the  emitted 
spectral  intensity. 

The  results  of  an  example  calculation  using  Eqs  (4.14)  and  (4.18)  are  shown  in 
Fig.  4.4.  The  details  of  the  example  visible  VCSEL  structure  are  given  in  Table  5.1 
(CThapter  5).  The  dashed  line,  which  is  IE(0})i^  in  the  calculation,  represents  the  emission 
spectra  of  the  quantum  well  active  region  without  the  DBRs  (this  is  measured  data 
(normalized  to  a  peak  value  of  1)  from  an  LED  test  structure).  The  solid  line  is  the 
calculated  spontaneous  emission  (i.e.  the  electroluminescence)  expected  from  the  top 
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Fig.  4.4  Example  calculation  using  the  Classical  Wave  Interference  Model.  The  modeled 
structure  is  the  hybrid  visible  VCSEL  given  in  Table  5.1.  The  dashed  line  is  the  intensity 
spectrum  of  the  quantum  well  active  region  without  the  DBRs  in  place.  The  solid  line  is 
the  expected  spontaneous  emis.<!ion  spectrum  emitted  from  the  top  of  the  visible  VCSEL. 
The  excitation  current  is  as  'd  to  be  below  lasing  threshold.  (For  comparison,  see 
Figs  5.3, 5.7.  and  5.8  in  Chapter  5).  For  diis  calculation,  absorption  was  neglected. 
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DBR,  measured  iMvmal  to  the  surface.  The  rfiape  of  the  spontaneous  emission  spectrum 
is  a  sensitive  function  of  iE((u)|2.  the  absorption  parameters  used  in  the  matrix 
calculations,  and  the  exact  multilayer  structure  (i.c.  many  of  the  sharp  features  in  Fig.  4.4 
appear  distorted  in  the  actual  structure  due  to  natural  growth  fluctuations).  The  model 
gives  a  good  (semi-quantitative)  estimate  of  the  expected  emission  spectrum  (compare 
Fig.  4.4  with  Figs  5.3,  5.7,  and  5.8  in  Chapter  5).  Deviations  from  measured  data  are 
expected  since  the  parameters  in  the  given  model  have  finite  accuracy.  The 
phenomenological  corrections  (Eqs  (4.15)  and  (4.18)),  along  with  E(a))|2,  essentially  act 
as  fitting  parameters. 

4.4  Infrared  RCLEDs/Hybrid  VCSELs 

The  IR  RCLED  was  grown  using  molecular  beam  epitaxy  (MBE)  by 
S.  A.  Chalmers  [19931.  The  structure  consi^ed  of  a  VK  optical  cavity  active  region  with 
three  3.2  nm  thick  Gao.TinojAs  strained  quantum  wells,  surrounded  by  10  nm  thick 
GaAs  barrier  layers,  in-tum  surrounded  by  Al^Gai.xAs,  x  =  0.2  to  0.4  linearly  graded 
layers  forming  a  GRINSCH  (graded  index  separate  confinement  heterostructure)  active 
region.  The  Bragg  design  wavelength  was  Xq  -980  nm.  The  DBRs  consisted  of 
Alo.1Gao.9As  (high  index)  and  Alo.9Gao.]  As  (low  index)  layers,  each  -19  nm  thick,  with 
a  3  linear  segment  A^Gai-xAs  (graded  x  *  0.1  to  0.3,  x  =  0.3  to  0.7,  x  =  0.7  to  0.9) 
intermediate  layer.  The  grading  scheme  approximates  a  sinusoid,  and  results  in  low  series 
resistance  [Chalmers  et  al.  1993].  The  bottom  (n+)DBR  is  Si-doped  to  -2  x  10**  cm'^ 
and  has  32.5  periods.  The  top  coupling  (p+)DBR  is  Be-doped  to  -2  x  10^*  cm-3  and  has 
10  periods,  including  an  -20  nm  (n+)GaAs  capping  layer  to  reduce  the  contact  resistance. 
The  growth  temperature  is  -585  ®C,  except  for  the  GaAs  and  Gao.7Ino.3As  active  region 
layers  which  are  grown  at  -540  ®C.  The  structure  is  based  on  similar  IR  VCSEL 
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structures  [Lear  et  al.  1993],  except  that  the  number  of  top  coupling  DBR  periods  is 
reduced. 

Although  the  2  inch  (n+X3aAs  wafo*  is  rotated  during  MBE  growth,  a  variation  in 
layer  thickness  exists  from  wafer  center  toward  the  edge.  The  reflectance  q)ectra  of  the 
as-grown  IR  RCLED  at  six  approximately  equally  spaced  (~3  mm)  points  from  wafer 
center  toward  an  edge,  are  shown  in  Fig.  4.5.  The  Fabry-Perot  resonance  varies  from 
~98S  nm  (at  wafer  center),  to  ~905  nm  (toward  the  wafer  edge).  Also,  it  is  seen  that  the 
resonance  is  slighdy  off  from  the  center  of  the  DBR,  toward  longer  wavelengths, 
indicating  that  the  thickness  of  the  optical  cavity  is  slightly  long. 

Implanted,  mesa  isolated  structiues  are  fabricated  as  described  in  Section  4.2.  The 
electroluminescence  (EL)  from  the  RCLEDs  at  three  different  points  on  the  wafer  are 
shown  in  Fig.  4.6.  The  linewidth  of  the  EL  peaks  (~4.5  nm)  is  equal  to  the  linewidths  of 
the  Fabry-Perot  resonance  "dips"  in  Fig.  4.S.  The  EL  peak  is  most  intense  when  the  peak 
of  the  spectral  gain  from  the  quantum  well  is  aligned  to  the  cavity  mode,  and  this  occurs 
at  ~984  nm.  The  L-I  (power  out  versus  current  in)  characteristics  of  the  IR  RCXED  at 
~984  nm  are  shown  in  Fig.  4.7(a),  for  devices  with  optical  iq)erture  diameters  from  10  to 
30  pm.  The  power  was  measured  with  a  1  x  1  cm^  calibrated  Si  photodetector  placed 
~1.5  cm  above  the  given  device. 

The  next  step  was  the  deposition  of  a  dielectric  X/4  stack  to  increase  the 
reflectance  of  the  top  DBR  (see  Subsection  2.4.4).  Photoresist,  ~6  pm  thick,  was 
patterned  around  the  apertures  by  using  the  inverse  of  the  mesa  mask,  but  off-setting  the 
mask  such  that  part  of  the  top  metal  contact  remained  covered  in  photoresist.  Five  periods 
of  Nb205  (high  index)/Si02  (low  index)  were  deposited  onto  the  RCXEDs  using  DC 
magnetron  sputtering  (deposition  temperature  ^  50  ‘’C,  such  that  the  photoresist  was 
unaffected)  with  in  situ  reflectance  monitoring.  (The  (LH)^  coating  was  also  deposited 
onto  a  glass  (Si02)  slide  during  the  coating  ran.  From  transmission  measurements  on  this 
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Fig.  4.6  Electroluminescence  of  the  IR  RCLED  at  three  points  on  a  fabricated  sample. 
The  inset  shows  the  location  of  the  measurements. 
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Fig.  4.7  L-I  characteristics  for  (a)  an  IR  RCLED  and  (b)  the  same  IR  RCLED  (now  an 
IR  VCSEL)  with  a  flve  period  dielectric  stack  added  to  the  top  DBR. 
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monitor  sample,  the  Bragg  wavelength  of  the  dielectric  DBR  was  Xo  =  970.2  nm).  The 
optical  coating  was  lifted-off,  remaining  over  the  optical  apertures.  For  this  configuration, 
the  calculated  reflectance  at  Xq,  as  seen  from  the  optical  cavity,  was  >  0.996.  The  L-I 
characteristics  of  the  now  hybrid  IR  VCSEL  are  shown  in  Fig.  4.7(b).  The  continuous 
wave  iCW)  threshold  current  was  4  to  6  mA  (Jth  "2  to  S  kA/cafi),  and  the  voltage  at 
threshold  was  Vui  ~1.8  V.  The  device  characteristics,  including  the  maximum  output 
power  of  -1  mW,  are  comparable  to  those  previously  reported  for  similar  IR  VCSEL 
structures  [Lei  cr  al.  1991]. 

4.5  Hybrid  AlGaInP/AIGaAs  Visible  RCLEDs 

A  hybrid  AlGaInP/AlGaAs  visible  RCLED  was  grown  with  an  epitaxial  structure 
as  given  in  Table  3.1  (Chapter  3),  except  that  the  bottom  Si-doped  (~2  x  lO**  cm*3) 
(n+)DBR  had  50  AlGaAs  periods,  and  the  top  coupling  C-doped  (~4  x  lO^*  cm'3) 
(p+)DBR  had  10.5  AlGaAs  periods.  The  (n)  and  (p)Alo.5lno.5P  A/4  layers  adjacent  to  the 
2X  thick  optical  cavity,  were  doped  with  Si  (~2  x  10**  cm*3)  and  Mg  (~7  x  lO^"^  cm'3), 
respectively.  Three,  10  nm  thick,  ~Gao.44Ino.56P  strained  quantum  wells  were  used,  with 
peak  emission  at  Ao  ~675  nm  (as  determined  from  photoluminescence  measurements  on 
calibration  samples).  As  for  the  optically  pumped  experiments  described  in  Section  3.4 
and  3.5,  the  structures  were  grown  without  wafer  rotation.  In  order  to  investigate  the 
spontaneous  emission  properties  of  this  structure,  the  devices  were  fabricated  with  top 
annulus  contacts  (Fig.  4.2  inset),  but  without  an  ion  implant  and  without  mesa  etching. 
With  this  geometry,  all  of  the  measured  EL  is  filtered  through  the  top  DBR.  The  only 
consequence  is  that  the  I-V  (current-voltage)  characteristics  of  the  devices  are  nonideal, 
since  the  current  is  not  confined  but  spreads  from  the  top  contact  in  all  directions. 
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Figure  4.8  shows  the  normalized  EL  (solid  lines)  (constant  10  mA  bias  current) 
and  reflectance  (dashed  lines)  at  several  points  across  the  wafer  centerline.  (The 
measurement  is  perfcnmed  with  the  equipment  shown  in  Fig.  2.7).  Each  measurement 
point  corresponds  to  the  listed  Fabry-Perot  resonances  of  620  to  670  nm.  in  10  nm  steps. 
The  linewidth  of  the  resonance  spectral  features  is  ~1.9  nm  (S.2  meV).  The  peak  of  the 
quantum  well  spectral  gain  aligns  with  the  Fabry-Perot  mode  at  about  Xo  ~675  nm.  The 
spectral  gain  varies  about  7.5  nm  across  the  wafer  centerline  (see  Fig.  5.5  in  Chapter  5). 
Enhanced  spontaneous  emission  on  resonance  is  most  noticeable  at  a  resonance  of 
640  nm,  where  the  spectral  EL  feature  at  640  nm  has  a  higher  intensity  than  the  spectral 
feature  at  ~675  nm.  Figure  4.9  shows  the  calculated  spontaneous  emission  (solid  lines)  at 
resonances  of  620,  640,  and  660  nm,  corresponding  to  the  measured  data  in  Fig.  4.8. 
Despite  the  modeling  difficulties  discussed  above,  the  calculated  spectra  are  qualitatively 
similar  to  the  measured  data. 

Example  EL  and  reflectance  measurements  for  another  set  of  hybrid  visible 
RCLEDs,  fabricated  on  an  unrotated  wafer,  are  shown  in  Fig.  4.10.  The  device  structure 
is  similar  to  the  structure  above,  except  that  the  top  coupling  DBR  has  just  5  periods.  The 
resonance  feature  at  640  nm  in  Fig.  4.10(c)  is  1/10  as  intense  as  the  resonance  feature  at 
~672  nm  in  Fig.  4.1(Xa).  The  linewidth  of  the  resonj"''*!  features  is  -4.0  nm  (10.8  meV). 

The  characteristics  of  a  final  example  hybrid  visible  RCXED  are  shown  in 
Fig.  4.1 1.  This  structure  is  identical  to  the  hylwid  visible  VCSELs  (i.e.  sample  XD0701C) 
described  in  detail  in  Section  5.4,  except  that  the  top  coupling  DBR  has  just  5  periods 
(including  the  10  nm  thick  (p+)GaAs  cap).  The  devices  are  fabricated  with  the  mask  set 
shown  in  Fig.  4.1,  and  include  a  "proton"  implantation  step  and  a  mesa  isolation  etch.  The 
EL  measurements  (taken  at  a  constant  bias  of  10  mA  for  each  device)  across  the 
unrotated  wafer  centerline  are  given  in  Fig.  4.1 1(a).  For  this  particular  wafer,  the  peak 
quantum  well  gain  aligns  with  the  Fabry-Perot  mode  at  about  Xq  -660  nm.  The  L-I 
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Fig.  4.8  Measured  electroluminescence  (solid  lines)  and  reflectance  (dashed  lines)  at 
several  points  across  the  centerline  of  a  hybrid  AlGaInP/AlGaAs  visible  RCLED 
unrotated  wafer.  The  Fabry-Perot  resonance  wavelength  is  indicated  in  each  plot.  The 
peak  spectral  gain  from  the  quantum  well  active  region,  without  the  DBRs,  is 

Xo  ~675  nm. 
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Fig.  4.9  Calculated  spontaneous  emission  spectra  (solid  lines)  for  the  hybrid  visible 
VCSEL  at  Fabry-Perot  resonances  of  620,  640,  and  660  nm.  TTie  dashed  lines  are  the 

quantum  well  active  region  gain  spectra  without  the  DBRs  (equal  to  E((D)|2). 
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Fig.  4.10  Measured  reflectance  (dashed  lines)  and  electroluminescence  (EL)  (solid  lines) 
for  an  example  hybrid  visible  RCXED  with  five  top  coupling  DBR  periods.  The  EL 
intensity  is  relative,  and  increases  as  the  Fal^-Perot  mode  moves  closer  into  alignment 
with  the  peak  of  the  quantum  well  spectral  gain  (at  ~675  nm). 
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Fig.  4. 1 1  (a)  Measured  electroluminescence  at  several  points  across  an  unrotated  wafer, 
and  (b)  L-I  characteristics  at  Xq  =  661  nm,  for  hybrid  visible  RCLEDs.  The  device 
structure  is  similar  to  that  ^ven  in  Table  5.1  (Chapter  5),  except  that  the  top  coupling 
DBR  has  just  five  periods  (including  the  (p+)GaAs  cap),  the  DBR  interfaces  are  g^ed 
(~biparabolic),  and  the  GalnP  quantum  wells  and  the  AlGalnP  barrier  layers  are  all  6  nm 

thick.  The  peak  spectral  gain  from  the  quantum  well  active  region  occurs  at  Xo  ^660  nm. 


146 


characteristics  are  shown  in  Fig.  4.1 1(b).  The  maximum  output  powers  are  coiiq>arable  to 
those  in  Fig.  4.7  for  the  IR  R(XEDs.  However,  the  curves  roll  over  at  lower  currents  due 
most  likely  to  heating  effects. 

4.6  All-AlGalnP  Visible  RCLEDs 

A  schematic  cross-section  diagram  of  a  fabricated  all-AlGalnP  visible  R(XED 
was  shown  in  Fig.  4.2,  along  with  the  real  refractive  index  profile  in  and  around  the 
optical  cavity  active  region.  The  lattice-matched  epitaxial  layers  were  grown  by  low 
pressure  MOVPE  on  (311)A  oriented  (n-f)  GaAs  substrates,  with  thicknesses 
anresponding  to  a  Bragg  wavelength  (X©)  of  670  nm.  The  bottom  Si-d(^)ed  (~10**  cm'3) 

DBR  consisted  of  60.S  periods  of  alternating  Alo3lno.sP  (low  index)  and 
(Alo.2Gao.g)o.sIno.sP  Ough  index)  X/4  layers.  Similarly,  the  Mg-doped  (~10l*  cm*^)  top 
output  coupling  DBR  consisted  of  5  periods  of  alternating  (AlyGai.y)o.5lno.5P  (y  *  1.0) 
and  (AlyGai.y)o3lno.sP  (y  =  0.2)  A/4  layers,  and  included  10  nm  thick  linearly  graded 
interface  regions  (1.0  ^  y  ^  0.2)  to  reduce  series  resistance.  The  last  A/4  layer  was  a 
composite  and  concluded  with  10  nm-thick  C-doped  (~10*^  cm*3)  Alo.sGao.sAs  and 
GaAs  layers  to  improve  the  top  ohmic  contact.  The  2A  optical  cavity  active  region 
included  three  10  nm  thick  Gao.44Ino.S6P  strained  quantum  wells  with  y  =  O.S  barriers 
and  y  =  0.7  spacer  layers  doped  with  Si  and  Mg  adjacent  to  the  DBRs.  Additionally,  a  10 
period  (y  =  0.0/y  =  0.7)  multiquantum  well  barrier  (MQWB)  electron  reflector  was 
included  on  the  p-side  of  the  optical  cavity  to  increase  electron  confinement. 

The  measured  reflectance  spectrum  at  normal  incidence  for  the  as-grown 
all-AlGalnP  R(XED  is  given  in  Fig.  4.12  (solid  curve).  A  broad  reflectance  minima  at 

668.6  nm  is  the  Fabry-Perot  cavity  resonance.  The  measured  mirror  center  and  the 
Fabry-Perot  resonance  are  both  within  1%  of  the  target  design  (670  nm).  For  comparison, 
the  reflectance  spectrum  was  calculated  (with  Aq  =  668  nm)  by  using  standard  matrix 
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Fig.  4.12  Measured  (solid  line)  and  calculated  (dashed  line)  reflectance  spectra,  normal 
to  the  surface,  for  the  as-grown  all-AlGalnP  visible  RCLED  at  room  temperature.  The 
measured  mirror  center  and  Fabiy-Perot  resonance  (at  668.6  nm)  are  both  within  1%  of 

the  target  design  (670  nm).  The  calculated  spectrum  (with  \o  =  668  nm)  is  offset  along 
the  y-axis  for  clarity. 
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methods  [MacLeod  1989]  and  refractive  index  dispersion  curves  [Tanaka  er  al.  1986], 
and  is  also  shown  in  Fig.  4.12  (dashed  curve).  Absorption  is  neglected  in  the  calculation 
since  the  y  =  0.2  layers  in  the  DBRs  should  not  begin  absorbing  until  X  ^  615  nm 
(-2.02eV). 

The  EL  at  room  temperature  fcH*  a  typical  all-AlGalnP  visible  RCLED  biased  with 
5  mA  CW  current  is  given  in  Fig.  4.13(a).  The  corresponding  calculated  spontaneous 
emission  spectrum  is  shown  in  Fig.  4.13(b).  The  peak  output  wavelength  was  669.7  nm 
with  a  linewidth  of  4.8  nm  (13.3  meV).  Since  the  peak  wavelength  shortens  with 
increasing  angle  from  the  normal,  the  sampled  emission  angle  was  adjusted  to  find  the 
longest  peak  wavelength.  This  EL  was  obtained  by  using  a  lens  that  collected  the 
emission  within  a  24°  solid  angle  and  thus  some  linewidth  spectral  broadening,  calculated 
to  be  0.4  nm,  was  expected.  The  EL  in  Fig.  4.13(a)  was  from  a  device  inunediately 
adjacent  to  the  nonmetallized  area  used  for  the  reflectance  measurement  in  Fig.  4.12.  The 
peak  emission  and  the  cavity  resonance  wavelengths  differ  by  1.1  nm  due  to  cavity 
heating  effects  [Hasnain  et  al.  1991].  The  inset  in  Fig.  4.13(a)  shows  the  EL  at  three 
different  drive  currents.  Though  the  peak  wavelength  shifts  longer  as  the  current 
increases,  the  linewidth  remains  essentially  constant  up  to  10  mA  CW  since  the  emission 
spectrum  is  determined  primarily  by  the  cavity  parameters. 

When  designing  RCLEDs  it  is  useful  to  estimate  the  emission  linewidth  (AX1/2) 
for  a  given  device  structure,  such  as  when  the  reflectance  of  the  coupling  mirror  is  a 
variable  parameter.  The  linewidth  could  be  estimated  from  the  width  of  the  Fabry-Perot 
resonance  dip  in  Fig.  4.12.  Here  we  have  estimated  the  linewidth  with  an  alternate 
approach.  The  cavity  flnesse  (F)  is  determined,  after  calculating  the  DBR  reflectances,  by 
using  Eq.  (2.17).  The  phase  penetration  length  into  the  DBRs  is  found  analytically 
[Babic  and  Corzine  1992]  and  added  to  the  optical  cavity  length  to  determine  a  total 
effective  cavity  length  (Leff).  For  a  high  Q  cavity,  the  linewidth  is  then  given  by 
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Fig.  4.13  Electroluminescence  (EL)  spectra  of  the  all-AlGalnP  visible  R(XED,  (a) 
measured,  and  (b)  calculated.  The  inset  shows  EL  spectra  at  three  different  current  levels. 
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Eq.  (2.18)  where  AX1/2/X0  =  1/Q  =  X./(2Lesncav^)-  Figure  4.14  shows  a  plot  of  the 
calculated  linewidth  versus  the  number  of  top  coupling  DBR  periods  for  the  all-AlGalnP 
RCT.RD  structure  with  three  different  optical  cavity  thicknesses.  For  the  current  structure 
with  S  top  DBR  periods  and  a  2X  optical  cavity  thickness,  the  calculated  linewidth  is 
4.3  nm.  This  agrees  with  the  measured  value  in  Fig  4.14  (4.8  nm)  corrected  for  the  effects 
of  spectral  broadening  due  to  the  measurement  q)tics. 

4.7  Conclusions 

This  (Chapter  has  explored  the  design  and  spectral  characteristics  of  a  new  type  of 
photonic  device,  the  resonant  cavity  light  emitting  diode  (RCLED).  A  classical  model 
was  introduced  and  shown  to  provide  a  good,  semi-quantitative  estimate  of  the  expected 
emission  spectrum  from  an  arbitrary  RCLED  structure.  Previous  studies  on  the  quantum 
electrodynamic  effects  in  semiconductor  microcavities  have  concentrated  on  the 
placement  of  the  quantum  well(s)  in  the  optical  cavity  active  region  and  the  resulting 
enhanced  or  inhibited  spontaneous  emission.  The  studies  presented  here,  however,  treated 
primarily  the  effects  of  misalignment  between  the  quantum  well  spectral  gain  and  the 
microcavity  resonance  mode.  This  was  accomplished  by  not  rotating  the  wafers  during 
MOVPE  growth,  which  resulted  in  an  ~50  nm  linear  shift  in  the  nxxle  wavelength  across 
the  centerline  of  the  wafer  (due  to  an  ~10%  linear  variation  in  the  epitaxial  layer 
thicknesses),  while  the  quantum  well  peak  spectral  gain  varied  by  ~7.S  nm  or  less  (e.g. 
for  the  hybrid  AlGaInP/AlGaAs  devices).  The  spectral  characteristics  at  several  points 
across  the  example  wafers  showed  clearly  the  enhanced  spectral  intensity  for 
on-resonance  wavelengths.  The  narrowed  linewidth  of  the  emission  spectra  was 
correlated  with  the  design  of  the  given  RCLED,  and  related  to  the  number  of  top  coupling 
DBR  pairs. 
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Calculated  Top  Coupling  DBR  Reflectance  (%) 


NUMBER  OF  TOP  COUPLING  DBR  PERIODS 


Fig.  4.14  Calculated  linewidth  versus  number  of  top  coupling  Al0.sIn0.5P/ 
(Alo.2Gao.8)p.5lno.5P  ^BR  periods  for  an  all-AlGalnP  visible  RCLED  with  three 
Afferent  optical  cavity  thicknesses.  The  bottom  DBR  is  a  60.S  period  high  reflector,  and 
the  Bragg  wavelength  is  670  nm. 
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A  straight  forward  extension  of  the  basic  RCLED  for  emission  in  the  visible 
(~670  nm)  was  accomplished  by  employing  AlGalnP  optical  cavity  active  regions,  and 
both  AlGaAs  and  AlGalnP  DBRs.  With  AlGalnP  bulk  or  shtnt  period  superlattice  active 
regions,  and  AlGalnP  DBRs,  the  RCLED  emission  wavelength  is  potentially  as  short  as 
~S60  nm.  Because  of  difficulty  in  the  p-doping  of  (AlyGai.y)o.sIno.sP  ^th  y  ^  0.7  and 
the  associated  high  series  resistance  (see  Subsection  2.6.1),  shorter  wavelength 
630  nm)  RCLEDs  most  likely  will  have  to  forgo  a  top  coupling  all-semiconductor 
DBR,  and  use  instead  a  thick  (3X  or  more)  nonabsorbing  phase  matching/current 
spreading  layer,  capped  with  'i+)GaAs  for  contacting  to  an  annulus  or  similar  aperture 
metal  contact  (The  GaAs  could  be  selectively  etched  after  deposidng  the  metal,  to  {xevent 
absorption  of  the  emitted  light).  The  emission  linewidth  could  then  be  controlled  by 
depositing  additional  dielectric  DBRs  if  desired.  The  reflectivity  of  the  bottom  DBR  need 
not  be  -100%  (unless  a  visible  VCSEL  was  the  goal),  rather,  -90%  would  be  adequate. 
This  would  greatly  cut-down  the  number  of  required  bottom  DBR  periods  while  still 
keeping  most  of  the  generated  emission  away  from  the  absorbing  GaAs  substrate. 
For  example,  at  Xq  =  590  nm,  96  periods  (-8.2  pm  thick)  of  an  (Alo.5Gao.5)o.5bK).5P/ 
Alo.5Ino.5P  DBR  would  be  required  to  (theoretically)  reach  R  S  0.9999,  while  only  30 
periods  are  needed  to  reach  R  ^  0.93.  Further  investigations  of  visible  RCLEDs  should 
concentrate  on  the  measurement/optimization  of  quantum  efficiency,  thermal  stability, 
nxxlulation  bandwidth,  and  on  practical  applications  such  as  sources  for  short-distance 
plastic  optical  fiber  communication  systems. 

The  visible  RCLED  has  also  proven  very  useful  in  the  development  of  the  visible 
vertical  cavity  surface  emitting  laser  (VCSEL).  The  as-grown  structures  served  as  optical 
calibrations  for  subsequent  full  top  stack  VCSEL  growths,  providing  critical  information 
on  the  optical  cavity  thickness,  DBR  mirror  center,  and  peak  spectral  gain  of  the  quantum 
well  active  region. 


153 


References  for  Chapter  4 

Baba,  T.,  T.  Hamano,  F.  Koyama,  and  K.  Iga,  "Spontaneous  Emission  Factor  of  a 
Microcavity  DBR  Surface-Emitting  Laser",  lEffi  Journal  of  Quantum  Electronics,  27(6), 
p.  1347-1358  (June  1991). 

Babic,  D.  I.,  and  S.  W.  Corzine,  "  Analytic  Expressions  for  the  Reflection  Delay, 
Penetration  Depth,  and  Absorptance  of  (^uaner-Wave  Dielectric  Mirrors,"  IEEE  Journal 
of  (^antum  Electronics,  28,  p.  514-524  (1992). 

Bjork,  G.,  S.  Machida,  Y.  Yamamoto,  and  K.  Igeta,  "Modification  of  Spontaneous 
Emission  Rate  in  Planar  Dielectric  Microcavity  Structures",  Physical  Review  A,  44(1), 
p.  669-681  (1  July  1991). 

Chalmers,  S.  A.,  Postdoctoral  Member  of  Technical  Staff,  Sandia  National  Laboratories, 
Albuquerque,  New  Mexico,  private  communication  (1993). 

Chalmers,  S.  A.,  K.  L.  Lear,  and  K.  P.  Killeen,  "Low  Resistance  Wavelength- 
Reproducible  p-Type  (Al,Ga)As  Distributed  Bragg  Reflectors  Grown  by  Molecular  Beam 
Epitaxy",  Applied  Physics  Letters,  62(14),  p.  1585-1587  (5  April  1993). 

De  Martini,  F.,  G.  Innocenti,  G.  R.  Jacobovitz,  and  P.  Mataloni,  "Anomalous 
Spontaneous  Emission  Time  in  a  Microscopic  Optical  Cavity",  Physical  Review  Letters, 
59(26),  p.  2955-2958  (28  December  1987). 

Deppe,  D.  G.,  J.  C.  Campbell,  R.  Kuchibhotla,  T.  J.  Rogers,  and  B.  G.  Streetman, 
"Optically-Coupled  Mirror-Quantum  Well  InGaAs-GaAs  Light  Emitting  Diode", 
Electronic  Letters,  26(20),  p.  1665-1666  (27  September  1990). 

Dutt,  B.  V.,  J.  H.  Racette,  S.  J.  Anderson,  F.  W.  Scholl,  and  J.  R.  Shealy,  "AlGaInPAjaAs 
Red  Edge-Emitting  Diodes  for  Polymer  Optical  Fiber  Applications,"  Applied  Physics 
Leners,  53(21),  p.  2091-2092  (1988). 

Feng,  X.-P.,  "Theory  of  a  Short  Optical  Cavity  With  Dielectric  Multilayer  Film  Mirrors," 
Optics  Communications,  83(1, 2),  p.  162-176  (15  May  1991). 

Haroche,  S.,  and  D.  Kleppner,  "Cavity  Quantum  Electrodynamics",  Physics  Today, 
p.  24-30  (January  1989). 

Huang,  Z.,  C.  Lei,  D.  G.  Deppe,  C.  C.  Lin,  C.  J.  Pinzone,  and  R.  D.  Dupuis,  "Spectral  and 
Intensity  Dependence  on  Dipole  Localization  in  Fabry-Perot  Cavities",  Applied  Physics 
Letters,  61(25),  p.  2961-2963  (21  December  1992). 

Hunt,  N.  E.  J.,  E.  F.  Schubert,  R.  A.  Logan,  and  G.  J.  Zydzik,  "Enhanced  Spectral  Power 
Density  and  Reduced  Linewidth  at  1.3  pm  in  an  InGaAsP  (^antum  Well  Resonant- 
Cavity  Light-Emitting  Diode,"  Applied  Physics  Letters,  61(19),  p.  2287-2289 
(9  November  1992a). 


154 


Hunt,  N.  E.  J.,  E.  F.  Schubert,  R.  A.  Logan,  and  G.  J.  Zydzik,  "Extremely  Narrow 
Spectral  Widths  from  Resonant  Cavity  Light-Enoitting  Dio^s  (RCLEDs)  Suitable  fOT 
Wavelength-Division  Multiplexing  at  1.3  pm  and  l.SS  pm,"  Digest  of  the  IEEE 
International  Electron  Devices  Meeting,  San  Francisco,  CA,  p.  651-654  (13-16  December 
1992b). 

Kato,  T.,  H.  Susawa,  M.  Hirotani,  T.  Saka,  Y.  Ohashi,  E.  Shichi,  and  S.  Shibata, 
"GaAs/GaAlAs  Surface  Emitting  IR  LED  With  Bragg  Reflector  Grown  by  MOCVD", 
Journal  of  Oystal  Growth,  107,  p.  832-835  (1991). 

Keller,  U.,  G.  R.  Jacobovitz-Veselka,  J.  E.  (Cunningham,  W.  Y.  Jan,  B.  Tell,  K.  F.  Brown- 
Goebeler,  and  G.  Livescu,  "Microcavity  Enhanced  Vertical  (Cavity  Light-Emitting 
Diodes",  Applied  Physics  Letters,  62(24),  p.  3085-3087  (14  June  1993). 

Lear,  K.  L.,  and  S.  A.  Chalmers,  "High  Single-Mode  Power  Conversion  Efficiency 
Vertical-Cavity  Top-Surface-Emitting  Lasers",  IEEE  Photonics  Technology  Letters, 
(to  be  published  September  1993) 

Lei,  C.,  T.  J.  Rogers,  D.  G.  Deppe,  and  B.  G.  Streetman,  "ZnSe/CaF2  (Juartcr-Wave 
Bragg  Reflector  for  the  Vertical  Cavity  Surface-Emitting  Laser",  Journal  of  Applied 
Physics,  69(1 1),  p.  7430-7434  (1  June  1991). 

Lei,  C.,  and  D.  G.  Deppe,  "Optical  Gain  Enhancement  in  Fabry-Perot  Microcavity 
Lasers",  Journal  of  Applied  Physics,  71(6),  p.  2530-2535  (15  March  1992). 

Lei,  C.,  Z.  Huang,  D.  G.  Deppe,  C.  J.  Pinzone,  and  R.  D.  Dupuis,  "Spectral  Interference 
Effects  in  the  Light  Emission  ^m  Fabry-Perot  (Cavities",  Journal  of  Applied  Physics, 
73(6),  p.  2700-2704  (15  March  1993a). 

Lei,  C.,  D.  G.  Deppe,  Z.  Huang,  and  C.  C.  Lin,  "Emission  Characteristics  from  Dipoles 
with  Fixed  Positions  in  Fabry-Perot  Cavities",  IEEE  Journal  of  Quantum  Electronics, 
29(5),  p.  1383-1386  (May  1993b). 

Lei,  C.,  "Spontaneous  Emission  in  Semiconductor  Microcavities  and  Its  Role  in  Vertical 
Cavity  Surface  Emitting  Lasers",  Doctoral  Dissertation,  University  of  Texas  at  Austin 
(May  1993c). 

Lott,  J.  A.,  R.  P.  Schneider,  Jr.,  G.  A.  Vawter,  J.  C.  Zolper,  and  K.  J.  Malloy,  "Visible 
(660  nm)  Resonant  (Cavity  Light-Emitting  Diodes",  Electronics  Letters,  29(4),  p.  328- 
329  (18  February  1993a). 

Lott,  J.  A„  R.  P,  Schneider,  Jr.,  J.  C.  Zolper,  and  K.  J.  Malloy,  "AlGalnP  Visible 
Resonant  Cavity  Light-Emitting  Diodes,"  Photonics  Technology  Letters,  5(6),  p.  631- 
633  (June  1993b). 

MacLeod,  H.  A.,  Thin-Film  Optical  Coatings ,  2nd  ed.  (New  York:McGraw-Hill,  1989). 

Rogers,  T.  J.,  D.  G.  Deppe,  and  B.  G.  Streetman,  "Effect  of  an  AlAs/GaAs  Minor  on  the 
Spontaneous  Emission  of  an  InGaAs-GaAs  (^antum  Well",  Applied  Physics  Letters, 
57(18),  p.  1858-1860  (29  October  1990). 

Saleh,  B.  E.  A.,  and  M.  C.  Teich,  Fundamentals  of  Photonics,  (Wiley:New  York,  1991). 


155 


Schubcn,  E.  F.,  Y.-H.  Wang,  A.  Y.  Cho.  L.-W.  Tu.  and  G.  J.  Zydzik,  "Resonant  Cavity 
Light-Emitting  Diode",  Applied  Physics  Letters,  60(8),  p.  921-923  (24  Felwuary  1992). 

Sugawara,  H.,  K.  Itaya,  H.  Nozaki,  and  G.  Hatakoshi,  "High-Brighmess  InGaAlP  Green 
Light-Emitting  Diodes",  Applied  Physics  Letters,  61(15),  p.  1775-1777  (12  October 
1992). 

Takagi,  T.,  F.  Koyama  and  K.  Iga,  "Design  and  Photoluminescence  Study  on  a 
Multiquantum  Barrier",  IEEE  Journal  of  (^antum  Electronics,  27,  p.  151 1-1519  (1991). 

Tanaka,  H.,  Y.  Kawamura,  and  H.  Asahi,  "Refractive  Indices  of  Ino.49Gao.5l-xAIxP 
Lattice  Matched  to  GaAs",  Journal  of  Applii^  Physics,  59,  p.  985-986  (1986). 

Yamamoto,  Y.,  and  R.  Slusher,  "Optical  Processes  in  Microcavities",  Physics  Today, 
p.  66-73  (June  1993). 

Yokoyama,  H.,  K.  Nishi,  T.  Anan,  H.  Yamada,  S.  D.  Brorson,  and  E.  P.  Ippen, 
"Enhanced  Spontaneous  Emission  from  GaAs  Quantum  Wells  in  Monolithic 
Microcavities",  Applied  Physics  Letters,  57(26),  p.  2814-2816  (24  December  1990). 

Zolper,  J.  C.,  R.  P.  Schneider,  Jr.,  and  J.  A.  Lott,  "Formation  of  High  Resistivity  Redons 
in  p-Type  Alo.5Ino.5P  by  Ion  Implantation",  Applied  Physics  Letters  (to  be  published 
December  1993). 


Chapter  5  Electrically  Injected  Visible 

Vertical  Cavity  Surface  Emitting  Lasers 


5.1  Introduction 

Visible  (620  to  690  nm)  AlGalnP  vertical  cavity  surface  emitting  lasers 
(VCSELs)  are  attractive  for  a  number  of  applications  including  low  cost  plastic  fiber 
communications,  optical  data  storage  and  retrieval,  optical  interconnections  and 
computing,  projection  displays,  distance  measurements,  holographic  memories,  medical 
diagnostics,  replacement  of  HeNe  lasers  for  barcode  scanning,  and  high  resolution 
printing,  to  name  just  a  few.  Infrared  (IR)  VCSEL  diodes  have  been  studied  for  over  a 
decade  [Soda  et  al.  1979,  Iga  et  al.  1988,  Koyama  et  al.  1989,  Lee  et  al.  1989, 
Geels  et  al.  1991,  Hasnain  et  al.  1991,  Baba  et  al.  1993,  Lear  et  al.  1993].  Arrays  of 
continuous  wave  (CW)  IR  VCSEL  diodes  emitting  at  780  to  1(XX)  nm  reached  the  market 
place  for  the  first  time  last  year  (1992)t.  In  contrast,  visible  AlGalnP  VCSEL  diodes  were 
demonstrated  for  the  first  time  this  year  (1993).  The  commercialization  of  visible 
VCSELs  requires  the  development  of  practical  (low  cost  and  robust),  high  efficiency, 
electrically  injected  devices. 

The  first  electrically  injected  "shorter  wavelength"  VCSELs  emitted  at  770  nm 
(deep  red)  [Lee  et  al.  1991]  and  at  699  nm  [Tell  et  al.  1992].  These  devices  were 
fabricated  entirely  from  AlxGai.xAs  epitaxial  layers  (including  a  GaAs/AlAs  short  period 
superlattice  active  region) ,  and  hence  were  limited  to  emission  wavelengths  greater  than 
~695  nm.  These  devices  operated  with  pulsed  current  excitation  at  room  temperature,  and 


tsee  page  223,  Laser  Focus  World  (May  1992) 
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the  latter  device  war  shown  to  operate  with  CW  current  excitation  below  -25  ®C 
[Tell  et  al.  1993].  Visible  (-620  to  690  nm)  light  emission  is  more  commonly  achieved 
with  AlGalnP  quantum  well  active  regions,  as  described  in  Appendix  A.  In  fact,  the  study 
of  AlGalnP  visible  edge  emitting  lasers  is  currently  one  of  the  most  active  areas  in 
semiconductor  device  research  [Brueck  1991,  Bour  1992a,  Hecht  1993]. 

The  first  electrically  injected  visible  VCSELs  composed  of  an  AlGalnP  quantum 
well  active  region  were  demonstrated  on  25  February  1993  and  first  published  in 
March  1993  [Lott  and  Schneider  1993a].  Several  key  aspects  of  growth  and  device  design 
were  published  shortly  thereafter  [Schneider  and  Lott  1993a].  The  devices  were 
fabricated  into  an  unoptimized,  etched  post  geometry  with  a  top  annular  contact  (called 
(^ick  VCSELs).  These  prototype  devices  used  AlAs/Alo.5Gao.5As  DBRs  and  operated 
with  pulsed  current  excitation  at  room  temperature  over  the  range  639.1  to  660.9  nm.  Due 
to  cavity  losses  and  unoptimized  gain  layers,  gain  contributions  from  the  second  (n=2) 
quantized  quantum  well  state  were  required  to  achieve  lasing  [Lott  et  al.  1993b].  The 
threshold  current  density  was  Jih  ~  4.2  kA/cm^  for  devices  with  a  20  jim  diameter  optical 
aperture  in  a  30  ^im  diameter  mesa,  and  the  maximum  pulsed  output  power  was  3.38  mW 
at  a  wavelength  of  -650  nm.  (For  Quick  visible  VCSELs  made  from  the  same  material  as 
above,  but  with  10  ^im  apertures  in  20  4m  mesas,  with  pulsed  current  excitation  of  100  ns 
at  10  4s,  at  room  temperature,  the  lasing  range  was  635.7  to  666.9  nm). 

Subsequently,  several  design  improvements  were  implemented  to  reduce  the 
cavity  losses  and  increase  the  available  gain.  The  second  round  of  Quick  visible  VCSELs, 
with  10  4m  diameter  optical  apertures  in  a  20  4m  diameter  mesa,  operated  at  room 
temperature  with  pulsed  excitation  over  the  very  broad  range  of  629.6  to  691.4  nm 
[Lott  et  al.  1993d].  The  devices  with  lasing  wavelength  above  -665  nm  operated 
primarily  with  gain  contributions  from  the  first  (n=l)  quantized  quantum  well  state.  In 
contrast,  the  devices  with  lasing  wavelength  below  -665  nm  operated  with  gain 


158 


contributions  from  both  the  n=l  and  the  n=2  quantized  quantum  well  state.  Room 
temperature  CW  operation  was  achieved  for  devices  with  a  5  pm  diameter  optical 
aperture  in  a  15  pm  diameter  mesa  with  emission  at  ~670  nm  and  with  Jui  ~2.8  kA/cm^ 
[Lott  et  al.  1993d].  The  same  material,  when  falnicated  into  conventional  ion  implanted 
top  surface  emitting  devices,  operated  CW  at  room  temperature  with  Jih  "2  kA/cm^  at 
Vth  ~3  V,  with  a  maximum  output  power  of  ~0.5  mW. 

This  Chapter  presents  the  fabrication,  characterization,  and  analysis  of  electrically 
injected  visible  VCSELs  with  an  AIGalnP  optical  cavity  active  region  and  AlGaAs 
DBRs.  The  results  are  significant  in  that:  1)  they  include  the  rirst  demonstration  of 
electrically  injected  visible  VCSELs  with  an  AlGalnP  optical  cavity  active  region; 
2)  they  include  the  first  observation  and  analysis  of  lasing  with  contributions  from  the 
n-2  quantum  well  transition  in  electrically  injected  VCSELs  at  any  wavelength;  and  3) 
they  include  the  first  demonstration  of  room  temperature  CW  operation  of  electrically 
injected  visible  VCSELs. 

This  Chapter  is  organized  as  follows.  Section  5.2  overviews  the  fabrication 
sequences  for  the  visible  VCSELs.  Next,  Section  5.3  presents  the  results  from  the  initial 
set  of  prototype  devices,  where  lasing  was  achieved  for  the  first  time  in  visible  VCSEL 
diodes.  It  is  shown  that  lasing  was  achieved  with  significant  gain  contributions  from  the 
n=2  quantum  well  state.  Section  5.4  presents  the  results  from  the  much  improved  second 
round  of  devices  which  incorporated  several  design  changes  to  improve  device 
performance.  (These  changes  were  based  on  the  lessons  learned  from  the  first  round  of 
devices).  For  the  second  round  devices,  lasing  is  achieved  primarily  with  gain 
contributions  from  the  n=l  quantum  well  state  with  much  reduced  threshold  currents.  In 
Section  5.5,  the  characteristics  and  analysis  of  the  first  room  temperature  CW  visible 
VC^EL  diodes  are  presented.  Finally,  Section  5.6  contains  the  Chapter  conclusions. 
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5.2  Device  Fabrication 

The  visible  VCSELs  were  fabricated  using  one  of  two  different  fabrication 
sequences,  both  of  which  result  in  top  surface  emitting  devices.  The  first  falxication 
sequence  is  the  Quick  VCSEL  process.  This  process  was  devel(^)ed  to  quickly  fabricate 
devices  to  characterize  VCSEL  epitaxial  material.  This  process  takes  ~8  to  12  continuous 
hours  to  complete,  and  results  in  etched  post  test  devices  with  annular  tc^  contacts.  The 
second  processing  sequence  is  more  elaborate  and  involves  a  high  energy  ion 
implantation  step.  This  process  takes  ~24  to  40  continuous  hours  to  complete,  and  is 
based  on  previous  research  on  similar  top  emitting  IR  VCSELs  [Lee  et  al.  1990, 
Orenstein  et  al.  1990]. 

A  cut-away  schematic  diagram  of  a  completed  Quick  visible  VCSEL  test  device 
is  shown  in  Fig.  5.1.  The  device  is  fabricated  as  follows.  First,  top  p*type  annular  contacts 
are  placed  onto  the  surface  by  using  a  standard  photoresist  lift-off  technique.  The  metal  is 
~30  nm  of  Ti,  followed  by  ~270  nm  of  Au  (thus  a  Schottky  tunnel  contact  is  formed). 
The  outer  diameters  of  the  annular  contacts  vary  from  10  up  to  60  )un,  while  the  inner 
diameters,  which  define  the  optical  apertures,  vary  from  2  to  50  iim.  The  next  two  steps 
are  performed  in  either  order.  The  annular  contacts  are  masked  with  photOTesist  and 
circular  mesas  arc  etched  down  to  the  top  of  the  AlGalnP  optical  cavity  active  region 
using  either  BCI3  or  a  combination  of  BCI3  and  ^2  in  a  reactive  ion  etching  system.  The 
plasma  selectively  etches  the  AlGaAs  DBRs,  stopping  on  the  AlGaInP.  Next,  n-typc 
metal  (Gc  ~20  nm/  Au  ~50  nm/  Ni  ~10  nm/  Au  ~300  nm)  is  deposited  onto  the  back 
surface  by  electron  beam  evaporation.  Finally,  the  metal  contacts  are  annealed  at  -400  ®C 
for  30  seconds. 

For  device  operation,  hole  current  is  injected  from  the  top  annular  contact  down 
through  the  DBR  and  into  the  quantum  well  active  region,  while  electron  current  is 
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Fig.  5.1  Quick  visible  VCSELs.  (a)  Schematic  diagram  and,  (b)  and  (c)  scanning 
electron  micrographs.  In  (b),  the  diameter  of  the  optic^  aperture/mesa  is  20/30  ^m.  In 
(c),  the  diameter  of  the  optical  apenure/  mesa  is  3/10  nm. 
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injected  through  the  bottom  DBR  stack  and  into  the  quantum  wells.  The  hole  current  is 
restricted  by  the  etched  post,  which  isolates  the  individual  devices.  Once  into  the 
AlGalnP  optical  cavity,  some  of  the  current  spreads  outward  and  is  essentially  wasted. 
Gain  guided  lasing  is  achieved  by  filling  to  inversion,  the  entire  quantum  well  area 
beneath  the  etched  post.  Although  not  an  optimum  VCSEL  geometry,  especially  fcH*  thick 
optical  cavities.  Quick  VCSELs  have  proven  very  useful  for  the  initial  characterization  of 
the  visible  VCSEL  epitaxial  structures.  Furthermore,  several  significant  aspects  of  visible 
VCSEL  performance  (including  the  underlying  device  physics)  have  been  ascertained 
from  Quick  VCSELs,  as  is  demonstrated  in  the  Sections  that  follow. 

A  cut-away  schematic  diagram  of  a  completed  ion  implanted  visible  VCSEL  is 
shown  in  Fig.  5.2.  The  device  is  fabricated  as  follows.  Top  square  or  rectangular  contact 
pads  are  defined  by  photoresist  lift-off.  The  metal,  evaporated  by  electron  beam,  is  30  nm 
Ti,  followed  by  70  to  170  nm  Au.  Within  the  metal  contacts  arc  circular  openings  (optical 
apertures)  with  diameters  of  12  nm  (square  contact),  or  10, 15, 20,  or  30  pm  (rectangular 
contact).  Next,  thick  (6  to  8  pm  thick)  photoresist  dots  are  patterned  over  the  apertures  to 
serve  as  ion  implant  masks.  Hydrogen  ions  ("protons")  arc  implanted  through  the  tc^ 
metal  contact  deep  into  the  structure.  Typical  doses  of  -1  to  5  x  10*^  cm’3  are  used,  at  an 
accelerating  potential  of  350  to  420  kcV.  (The  peak  implant  depth  is  -Ipm/lOO  kcV  in 
the  AlGaAs  DBR).  The  peak  range  of  the  implant  is  slightly  above  the  top  AlGaAs 
DBR/AlGalnP  optical  cavity  heterointerface,  typically  3  to  4  pm  from  the  surface 
depending  on  the  number  of  DBRs  (one  DBR  period  is  -100  nm  thick).  The  protons 
create  areas  of  high  resistivity  in  the  AlGaAs  ,  forcing  current  to  flow  in  a  funnel  path 
from  the  t(^  contact  down  through  the  unimplanted  regions  beneath  the  optical  apertures. 
The  protons  also  produce  regions  of  minor  damage  beneath  the  top  contact.  This  injection 
scheme  is  more  efficient  than  that  for  the  Quick  VCSELs,  since  only  the  quantum  well 
area  beneath  the  aperture  must  be  inverted  to  achieve  lasing.  Protons  do  not  create  high 


Fig.  5.2  Schematic  diagram  of  an  ion  implanted  visible  VCSEL. 
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resistivity  regions  in  the  AlGalnP  [Zolper  et  al.  1993].  Thus,  it  is  not  beneficial  to  place 
the  peak  of  the  implant  in  the  AlGalnP  optical  cavity,  and  consequently  a  small  fraction 
of  injected  cunent  spreads  out  in  the  AlGalnP  layers  beneath  the  AlGaAs  DBR  and  does 
not  contribute  directly  to  lasing.  However,  the  lateral  current  spreading  is  minimal  due  to 
the  relatively  high  resistivity  of  the  (p)Alo.sIno.sP-  While  implanted  oxygen  (or  argon) 
effectively  increases  the  resistance  of  doped  AlGalnP,  it  is  not  possible  to  implant  this 
specie  more  than  ~l^m  from  the  surface  because  of  its  size.  Mesa  isolation  is  achieved, 
as  for  the  (^ick  visible  VCSELs  above,  either  with  a  plasma  etch,  or  with  a  wet  chemical 
etch  using  H3P04:H202:H20. 

Many  other  device  geometries  are  possible.  One  example  is  the  bottom  emitting 
device  where  an  etched  post  or  ion  implant  define  the  device  size,  as  above,  except  that 
the  metal  contact  to  the  top  DBR  is  a  solid  circle.  This  metal  contact  is  part  of  the  DBR 
reflector  and  fewer  DBR  periods  are  needed  to  obtain  an  equivalent  reflectance. 
Additionally,  the  current  is  uniformly  injected  and  current  spreading  is  much  less  of  a 
factor.  For  the  visible  VCSELs,  bottom  emitters  are  possible  except  that  the  substrate 
must  be  removed  since  it  will  absorb  visible  radiation.  Another  possibility  is  a  composite 
device,  where  part  or  all,  of  one  or  both  of  the  DBRs  are  composed  of  dielectric  quarter 
wave  stacks,  as  described  in  Section  2.4.3. 

5.3  Operation  with  Gain  Contributions  from  the  n=2  Quantum  Well 
State 

The  first  round  of  studies  on  visible  VCSEL  diodes  were  based  on  the  hybrid 
optically  pumped  structures  described  in  Chapter  3.  This  took  advantage  of  the  many 
growth  and  fabrication  refinements  already  developed  for  GalnAs  and  GaAs  quantum 
well  near  infrared  (IR)  VCSELs,  which  use  similar  AlAs/GaAs  and  AlAs/Al^Gai-xAs 
(x  ~0.15)  DBRs,  respectively.  The  development  of  visible  VCSEL  diodes  required 
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extensive  optical  studies  of  AlGalnP  quantum  well  active  regions,  and  of  doping  in  both 
AlGalnP  optical  cavities  and  in  AlGaAs  DBRs .  These  studies  were  performed  in  concert 
with  the  VCSEL  design  issues  discussed  in  Chapter  2,  and  with  the  limitations  imposed 
by  the  state-of-the-art  metalorganic  vapor  phase  epitaxy  (MOVPE)  growth  technology. 
Initially,  the  injection  conditions  present  in  visible  VCSELs  were  studied  by 
characterizing  conventional  strained  quantum  well  AlGalnP  visible  edge-emitting  lasers, 
but  with  variable  Alo.sIno.sP  cladding  layer  thickness.  Also,  these  conventional  cladding 
layers  were  surrounded  in-tum  with  additional  AlAs/Alo.sGao.sAs  DBR  "cladding"  layers 
[Schneider  and  Lott  1993].  This  study  revealed  that  improved  carrier  injection  efficiency 
resulted  from  the  use  of  an  extended  8X  optical  cavity,  consisting  of  cladding  (doped)  3A.- 
thick  Alo.sIno.sP  spacer  layers  surrounding  a  (undoped)  2X-thick  quantum  well  active 
region.  This  8X  thick  optical  cavity  was  in-tum  surrounded  by  the  AlGaAs  DBRs.  These 
results  were  incorporated  into  the  first  successful  visible  VCSEL  diodes. 

Compared  to  AlGaAs  infrared  (IR)  edge-emitting  lasers,  AlGalnP  lasers  have 
higher  threshold  current  density  (Jih),  and  smaller  characteristic  temperature.  This  is 
attributed  to  intrinsic  material  parameters  such  as  small  energy  band  offsets  (thus  reduced 
carrier  confinement),  high  effective  masses  (thus  increased  transparency  carrier  density), 
and  difficulty  in  the  p-doping  of  AllnP  alloys.  Shorter  wavelength  operation,  achieved  for 
example  by  adding  A1  to  the  GalnP  quantum  well(s),  by  increasing  the  Ga/In  ratio 
(biaxial  tension),  or  by  reducing  the  well  thickness,  further  reduces  the  carrier 
confinement  [Bour  1992b,  1993]. 

Similar  trends  are  expected  for  quantum  well  AlGalnP  VCSELs,  where  cavity 
heating  effects  compound  the  carrier  leakage  problem  and  lead  to  a  reduction  in  the 
available  gain  at  a  given  current  density.  Moreover,  cavity  and  distributed  Bragg  reflector 
(DBR)  losses  (i.e.  free  carrier  absorption)  could  increase  the  amount  of  gain  requii  d  to 
reach  threshold,  to  a  point  where  the  available  gain  from  the  first  quantized  state  (n=l)  is 
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insufficient  to  overcome  the  losses,  even  at  high  injected  carrier  densities.  To  achieve 
lasing  in  this  case,  the  available  gain  must  be  increased  for  example  by  increasing  the 
number  of  quantum  wells  in  the  active  region.  An  alternate  solution  is  to  operate  at 
shorter  wavelengths  with  gain  contributions  from  the  second  quantized  state  (n=2),  where 
the  maximum  available  gain  is  higher  due  to  a  hi^er  joint  optical  density  of  states. 

The  growth  list  for  a  visible  VCSEL  with  an  extended  thick  optical  cavity,  is 
given  in  Table  5.1.  The  lattice-matched  epitaxial  layers  are  grown  by  MOVPE  on  (100) 
(n-f-)  GaAs  substrates  misoriented  6^  toward  die  nearest  <111>A.  The  growth  conditions 


Table  5. 1  MOVPE  Growth  List  for  Hybrid  Visible  VCSEL  Sample  XD0222B 


-Thickness  (A)  Material 

-Index 

-Thickness  (k)  Material 

-Index 

100.0 

(pf)GaAs 

3.83-i0.194 

continued 

308.9 

(p+)Alo.5GaojAs 

3.541 

200.0 

(AIo.4Gaoj)ojIno.5P 

3.450 

200.0 

(Alo.5Gaoj)ojIno.5P 

3.413 

(rqjcat) _ 

200.0 

(Alo.6Gao3)03lno.5P 

3.378 

100.0 

(p+)Alo.75Gao.25As 

3.299 

1066.3 

(Alo.7Gaoj)03lno.5P 

3.345 

416.3 

(p+)AlAs 

3.111 

5988.9 

(n)AIo3lno.5P  (SXqjacer) 

3.256 

100.0 

(I>^■)Alo.75Gao.25As 

3.299 

365.7 

(P+)Alo.5GaojAs 

3.541 

469.3 

(n+)AlAs 

3.111 

x35 

- 

100.0 

(n+)A]o.75Gao35As 

3.299 

100.0 

(pf)AIo.75Gao.25As 

3.299 

(repeat) _ 

469.3 

(l^)AlAs 

3.111 

365.7 

(n-f)Alo3Gao.sAs 

3.541 

100.0 

(n+)Alo.75Gao.25As 

3.299 

5988.9 

(plAlfl.slno^P  (3X  spacer)  3.256 

416.3 

(n-t-)AlAs 

3.111 

1066.3 

(Alo.7Gao.3X).5lnOjP 

3.345 

100.0 

(n+)Alo.75Gao.25As 

3.299 

200.0 

(Alo.6Gao.3)o.5lnojP 

3.378 

x54 

200.0 

(Alo^Gao.3)o.5lnojP 

3.413 

200.0 

(Alo.4Gao.3)o.5lno.5P 

3.450 

365.7 

(n+)Alo3Gao.5As 

3.541 

100.0 

(n+)Alo.75Gao.25As 

3.299 

(repeat) 

416.3 

(n-t-)AlAs 

3.111 

100.0 

Gao  .44lnoj6P  (SQW) 

3.622 

50.0 

(n+)Alo.75Gao35As 

3.299 

100.0 

(Alo.4Gao.3)o.5lno.5P 

3.450 

5000 

(n+)GaAs 

3.83-i0.194 

x2 

- 

substrate 

(n+)GaAs  (100)6° 

3.83-i0.194 

100.0 

Gao.44lno  J6P  (SQW) 

3.622 

Bragg  wavelength  Xo  -  650  nm 

166 


are  similar  to  those  previously  reported  [Schneider  et  al.  1992a,  1992b].  The  structures 
consist  of  a  strained  quantum  well  (AlyGai-y)o.5lno.5P  optical  cavity  active  region 
surrounded  by  AlAs/Alo.5Gao.5As  DBRs.  The  bottom  Si-doped  (-2x10^*  cm’^)  DBR 
consists  of  SS.S  periods  of  alternating  AlAs  and  Al0.5Ga0.sAs  quarter-wave  layers  with 
10  nm  thick  Alo.7sGao.2sAs  barrier  reduction  layers  at  each  interface.  An  identical  36 
period  C-doped  (~4xl0^^  cm'^)  top  output-coupling  DBR  is  used  and  concludes  with  a 
10  nm  thick  (p-»-)  (~7xl0^^  cm*^)  GaAs  layer  to  reduce  contact  resistance.  An  8X-thick 
(AlyGai.y)o.5lno.5P  optical  cavity  contains  three  10  nm  thick  Gao.44Ino.S6P 
compressively  strained  (~0.S6%)  quantum  wells  in  a  step  graded-barrier  separate 
confinement  heterostructure  (SCH).  Surrounding  the  wells  are  y  =  0.4  barrier  layers, 
stepped  to  y  =  0.7  in  0. 1  increments.  This  portion  of  the  active  region  has  a  2X  optical 
thickness.  The  remaining  optical  cavity  consists  of  3X  thick  Mg-doped  (-6-8x10'^  cm*3) 
and  Si-doped  (-2x10**  cm*3)  Alo.5Ino.5P  spacer  layers  on  the  n-side  and  p-side, 
respectively. 

The  calculated  reflectance  and  reflectivity  phase  spectra  (at  Xo  =  650  nm)  for  the 
hybrid  visible  VCSEL  structure  at  normal  incidence  are  shown  in  Fig.  5.3.  The  primary 
Fabry-Perot  resonance  occurs  at  ~650  nm,  while  other  cavity  resonances  occur  near 
626.8,  631.4,  668.6,  and  673.6  nm.  As  described  in  Chapter  2,  a  resonance  occurs 
when  the  optical  cavity  round  trip  phase  is  27t.  To  further  illustrate  this  point.  Fig.  5.4 
is  a  high  resolution  (calculated)  plot  of  the  reflectance  and  reflectivity  phase  spectra  at 
(a)  -650  nm  (defined  here  as  a  primary  Fabry-Perot  resonance  or  mode)  (b)  -668.6  nm 
(defined  here  as  a  secondary  Fabry-Perot  resonance  or  nuxie),  and  (c)  -673.7  nm  (defined 
here  as  a  natural  resonance  or  mode)  for  the  structure  in  Table  5.2  at  normal  incidence. 
Since  the  plots  are  the  reflectivity  of  the  entire  structure,  a  In  round  trip  phase 
corresponds  to  the  wavelengths  in  Fig.  5.4,  where  the  reflectivity  phase  equals  zero.  A  27t 
round  trip  phase  at  -649.97  nm  occurs  since  the  reflectivity  phase  of  the  DBR  minors  are 
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Fig.  5.3  Calculated  (a)  reflectance  and  (b)  reflectivity  phase  for  the  hybrid  visible 
V&EL  in  Table  5.1.  The  free  spectral  range  (FSR)  is  indicated. 
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Fig.  5.4  Calculated  reflectance  (solid  line)  and  reflectivity  phase  (dashed  line)  in  and 
around  the  (a)  primary  Fabry-Perot  mode  (b)  secondary  Fabry-Perot  mode,  and  (c) 
natural  mode,  for  the  hybrid  visible  VCSEL  in  Table  5.1.  (Expanded,  higher  resolution 
plots  of  Fig.  5.3). 
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each  n,  and  the  optical  cavity  is  exacdy  8Xo  thick.  (The  slight  deviation  from  650.0  nm  is 
due  to  the  precision  of  the  layer  thicknesses  used  in  the  matrix  calculation).  In  contrast  at 
668.6  nm,  the  reflectivity  phase  of  the  top  and  bottom  DBRs,  as  seen  frcmi  the  (q)tical 
cavity,  are  1.347  and  1.408  radian,  respectively.  The  q)tical  cavity  thickness  is  ~7.72Xo, 
and  the  phase  due  to  propagation  through  tite  cavity  is  ~1.763  radian.  The  tc^  rcnind  trip 
phase  is  thus  2(1.763)  +  1.347  +  1.408  »  2jc.  At  668.6  nm,  the  reflectivity  phase  of  tiie  top 
and  bottom  DBRs,  as  seen  from  the  optical  cavity,  are  0.0175  and  1.737  radian, 
respectively.  The  optical  cavity  thickness  is  ~7.64Xo.  and  the  phase  due  to 
propagation  through  the  cavity  is  ~2.262  radian.  The  total  round  trip  phase  is  thus 
2(2.262)  +  0.0175  +  1.737  »  27C. 

As  discussed  for  the  hybrid  optically  pumped  structure  in  Section  3.4,  the  VCSEL 
wafers  (2  inch  diameter)  arc  not  rotated  during  growth,  resulting  in  an  ~10%  variation  in 
centerline  layer  thickness.  Thus,  the  Fabiy-Perot  resonance  changes  with  wafer  position 
as  in  Figs  2.18,  3.4,  and  3.1 1.  Despite  this,  the  active  region  peak  spectral  gain  changes 
by  less  than  7.5  nm  from  front  to  back  along  the  wafer  centeiline.  (In  contrast  for  rotated 
wafers,  the  variation  is  <  3  nm).  Figure  5.5  is  a  plot  of  the  room  temperature  PL  from  an 
unrotated  optical  cavity  active  region  calibration  wafer.  The  calibration  wafer  consists  of 
the  structure  in  Table  5.1,  except  without  the  bottom  and  top  DBRs.  Note  that  the 
"design"  emission  wavelength  for  the  quantum  well  active  region  in  Fig.  5.5  is  ~670  nm. 
This  corresponds  to  the  n=l  (el  to  hhl)  quantum  well  transition. 

The  variation  of  the  PL  peak  spectral  gain  is  primarily  a  result  of  a  larger  decrease 
in  In  incorporation,  compared  to  Ga,  when  moving  from  front  to  back  altmg  the  wafer 
centerline.  This  is  a  fundamental  characteristic  of  the  MOVPE  growth  process.  As  a 
result,  the  compressive  quantum  well  strain  is  lower  near  the  back  of  the  wafer  and 
increases  toward  the  front.  The  energy  bandgap  of  the  quantum  well  layers 
correspondingly  increases  when  moving  from  the  firont  toward  the  back.  The  small 
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Fig.  5.5  Photoluminescence  (PL)  spectra  at  several  points  on  an  unrotated,  strained 
quantum  well,  optical  cavity  active  region  calibration  wafer.  (The  structure  is  given  in 
Table  5.1,  except  without  the  top  and  bottom  DBRs). 
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thickness  variation  in  the  quantum  wells  also  results  in  a  blue-shift  of  the  PL  emission 
peak  when  moving  from  front  to  back,  but  this  shift  is  much  smaller  than  that  due  to  the 
compositional  variation.  The  net  result  of  the  thickness  and  compositional  variatitm  is  a 
large  range  of  possible  lasing  emission  wavelengths.  Figure  5.6  is  a  schematic  plot  of  the 
Fabry-Perot  resonance  wavelength  across  wafer  XD0222B,  where  the  resonance  is  at 
~670  nm  at  wafer  center.  Also  shown  is  the  range  of  peak  transition  wavelengths  at  the 
peak  of  the  n=l  and  n=2  quantum  well  transitions,  roughly  corresponding  to  the  PL  data 
in  Fig.  5.5. 

The  measured  reflectance  spectra  from  two  points  (Xq  *=  650,  and  670  nm)  for  the 
hybrid  visible  VCSEL  structure,  are  given  in  Fig.  5.7(a).  The  resonant  features  described 
in  the  reflectance  calculation  (Fig.  5.3)  above  are  difficult  to  locate,  due  primarily  to  the 
resolution  of  the  measurement  system.  Additionally,  the  structures  deviate  from  the  exact 
thickness  and  compositions  listed  in  Table  5.1  due  to  natural  growth  fluctuations.  Thus, 
the  measured  reflectance  spectra  will  not  precisely  mimic  the  calculated  spectra.  In  spite 
of  this,  the  primary  Fabry-Perot  ttKxle  is  present  as  shown  (Xp-p).  Also,  the  secondary 
Fabry-Perot  mode  and  the  natural  mode,  defined  above,  are  located  to  the  right  (toward 
longer  wavelengths)  of  the  primary  Fabry-Perot  mode,  between  the  edge  of  the  high 
reflectance  zone  and  the  hunchback  feature. 

Quick  visible  VCSELs  were  fabricated  as  described  in  Section  5.3,  with  the 
backside  metal  deposited  before  the  mesa  etch.  Prior  to  the  mesa  etch  step,  the  room 
temperature  electroluminescence  (EL)  was  sampled  from  several  equally-spaced  devices 
at  a  constant  low  bias  current  (~10  mA).  An  example  (normalized  intensity)  EL  spectra  is 
given  in  Fig.  5.7(b),  along  with  the  reflectance  (normal  incidence)  at  the  same  point  on 
the  wafer.  The  EL  measurement  system  is  described  in  Subsection  2.4.1  (Fig.  2.7).  The 
EL  spectra  contains  spikes  corresponding  to  the  primary  Fabry-Perot  mode,  and  to  the 
secondary  mode  on  the  long  wavelength  side.  The  EL  spectra  at  several  equally  spaced 
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WAFER  CENTERLINE  POSITION  (inches) 


Fig.  5.6  Schematic  plot  of  the  variation  in  Fabry-Perot  resonance  wavelength 
(thick  solid  line)  and  peak  quantum  well  transition  wavelengths  across  unrotated 
visible  VCSEL  wafer  number  XD0222B.  The  transition  wavelengths  (n=l  and 
n=2)  refer  to  the  first  and  second  quantized  state  transitions. 
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Fig.  5.7  (a)  Measured  reflectance  at  A,o  »  650  and  670  nm  for  the  hybrid  visible  VCSEL 
structure,  and  (b)  reflectance  (dotted  line)  and  electroluminescence  (solid  line)  for  a 
fabricated  (^ick  visible  VCSEL  prior  to  the  mesa  etch  step. 
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points  across  the  wafer  are  given  in  Fig.  5.8.  Because  the  top  DBR  is  still  fully  in  place, 
all  of  the  measured  emission  spectra  consists  of  filtered/enhanced  spontaneous  emission, 
and  can  be  modeled  by  using  the  wave  interference  model  described  in  Section  4.3 
(Chapter  4).  In  the  bottoni  spectrum  in  Fig.  5.8,  the  primary  Fabry-Perot  resonance  is  at 
-690  nm  and  the  secondary  Fabry-Perot  resonance  is  at  -710  nm.  Figure  5.9  is  a  plot  of 
the  Fabry-Perot  resonance  peak  spectral  features,  taken  at  several  equally-spaced  points, 
across  the  sample.  The  emission  intensity  goes  through  a  peak  at  -670  nm,  corresponding 
to  the  n=l  optical  gain  peak  of  the  quantum  well  active  region.  (Note  that  the  envelope  of 
the  resonance  peaks  correlates  to  the  quantum  well  spectral  gain,  with  the  maximum 
intensity  roughly  at  the  n=l  gain  peak  (as  for  a  PL  measurement  of  the  active  region). 

Using  pulsed  excitation  at  room  temperature  and  without  heat  sinking,  lasing 
wavelengths  from  639.1  nm  to  660.7  nm  are  measured  (sample  XD0222B).  As  for  the 
optically  pumped  structures  described  in  Chapter  3,  lasing  is  achieved  with  significant 
gain  contributions  from  the  n=2  quantum  well  state.  The  pulsed  excitation  is  -200  ns 
pulses  at  a  period  of  1  ps.  Many  devices  continue  to  lase  with  up  to  a  40%  duty  cycle  at  a 
1  ps  period.  The  20  pm  diameter  devices  (in  a  30  pm  diameter  mesa)  typically  have  a 
threshold  current  (Ith)  of  30  mA  (Jth  -4.2  kA/cm^)  at  2.7  V  with  a  resistance  of -15  at 
>  1.5  Ith-  This  low  resistance  is  due  to  the  small  energy  band  offsets  within  the  DBR,  the 
heavy  doping,  and  the  large  number  of  DBR  periods  allowing  uniform  current  spreading. 
Lasing  spectra  below  (0.9  I*),  at  (1.0 1*),  and  just  above  (1.1  Ith)  current  threshold  for  a 
device  emitting  at  650.4  nm  are  shown  in  Fig.  5.10.  A  red-shift  in  the  emission 
wavelength  occurs  with  increasing  current  due  to  heating  effects.  The  side  peak  at 
667  nm  is  due  to  EL  escaping  through  the  top  DBR  at  the  secondary  Fabry-Perot 
resonance.  A  bump  near  644  nm  below  threshold  is  EL  escaping  from  the  sides  of  the 
etched  post,  and  corresponds  to  gain  contributed  from  the  n=2  quantum  well  transition. 
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Fig.  5.8  Electroluminescence  spectra  for  fabricated  Quick  visible  VCSELs,  prior  to  the 
mesa  etch  step,  at  several  equally  spaced  points  across  the  hybrid  visible  VCSEL  wafer. 
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Electroluminescence  showing  the 
Fabry-Perot  resonance  across  the  wafer 
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Fig.  5.9  Electroluminescence  spectra  corresponding  to  the  Fabry-Perot  resonances  at 
several  equally  spaced  points  across  the  hybrid  visible  VCSEL  wafer.  The  measurements 
were  performed  on  Quick  visible  VCSELs  prior  to  the  mesa  etch  step  (see  Figs  5.7  and 
5.8),  with  a  direct  current  bias  of  -10  mA,  Tbe  envelope  of  the  resonance  peaks  correlates 
to  ibe  quantum  well  spectral  gain,  with  the  maximum  intensity  roughly  at  the  n=l  gain 
peak. 
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Fig.  5.10  Visible  VCSEL  lasing  spectra  below,  at,  and  just  above  threshold  at  room 
temperature.  The  Quick  visible  VCSELs  have  an  optical  aperture  diameter  of  20  |im  in  a 
mesa  diameter  of  30  p.m.  The  threshold  current  Ith  ~30  mA. 
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A  light-current  (L-I)  characteristic  for  a  device  with  a  20  jim  optical  aperture, 
emitting  at  ~650  nm,  is  shown  in  Fig.  5.11.  A  distinct  threshold  is  seen  at  about  30  mA. 
The  differential  slope  efficiency  is  6%  just  past  threshold  and  the  external  quantum 
efficiency  is  1.8%  at  80  mA.  The  maximum  peak  output  power  is  limited  to  3.38  mW  due 
to  thermal  roll-over.  The  inset  in  Fig.  5.11  is  the  measured  far-field  intensity  (fit  to  a 
Gaussian  distribution)  at  70  mA  and  a  divergence  (full  angle)  of  6.5*^  is  indicated.  The  far 
field  (full  angle)  angular  divergence  is  expected  to  be  *  Xo/d  ~1.9“,  where  d  =  20  pm  is 
the  aperture  diameter  [Saleh  and  Teich  1991].  The  discrepancy  is  partially  due  to  a 
thermal  lensing  effect  [Hasnain  et  al.  1991],  where  only  the  central  area  of  the  aperture  is 
lasing.  This  effectively  reduces  the  diameter  of  the  optical  aperture  and  thus  increases  the 
angular  divergence  of  the  Gaussian  emission. 

Lasing  does  not  occur  above  a  wavelength  of  ~661  nm  (for  the  given  pulse 
conditions  and  device  size).  This  may  be  due  to  high  cavity  losses,  such  that  the  gain 
provided  at  n=l  (i.e.  gain  contributed  from  the  n=l  quantized  quantum  well  state)  is 
insufficient  for  lasing.  Indeed,  devices  identical  to  those  described  above  but  with  two 
quantum  wells  (thus  lower  gain)  in  the  active  region  did  not  lase  at  any  wavelength. 
While  the  high  doping  and  relatively  small  band  offsets  in  the  DBRs  lead  to  a  low 
series  resistance  (~15  above  threshold),  the  small  refractive  index  differential 
(i.e.  An/n  *  13%  at  Xq  =  650  nm)  results  in  deep  penetration  of  the  standing  wave  into  the 
DBRs.  This  increases  the  effective  cavity  length  [Babic  and  Corzine  1992]  and  results  in 
higher  losses.  Moreover,  it  is  uncertain  how  much  loss  is  associated  with  the 
AlAs-Alo.5Ino.5P  heterointerfaces  (i.e.  where  a  change  in  column  V  element  occurs) 
which  reside  at  the  critical  optical  cavity/DBR  boundary  in  the  present  design.  In 
contrast,  the  data  on  similar  undoped  optically  pumped  structures  in  Chapter  3  suggests 
that  the  10  nm  thick  quantum  wells  used  in  the  present  study  are  not  optimized  for 
maximum  utilization  of  gain,  especially  at  shorter  emission  wavelengths.  Calculations  of 
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the  longitudinal  confinement  factor  (see  Table  2.6)  reveal  that  thinner  (~6  to  8  nm) 
quantum  wells  spaced  closer  together  should  result  in  a  reduced  threshold  and  higher 
optical  gain,  for  equal  total  gain  length. 

Insight  into  the  operation  of  the  visible  VCSELs  can  be  obtained  by  examining 
"n=2  lasing”  in  quantum  well  edge-emitter  lasers  [Holonyak  et  al.  1980, 
Mittlestein  et  al.  1986].  At  threshold,  the  round  trip  gain  equals  the  round  trip  loss, 
gth  =  l/TIct  +  (1/L)ln(l/R)],  where  gy,  is  the  gain  threshold,  F  is  the  confinement  factor, 
a  is  the  cavity  loss,  L  is  the  length,  and  R  is  the  facet  reflectance.  For  small  a,  gth  is 
selected  by  varying  L.  For  short  length  devices,  the  gth  exceeds  the  gain  available  from 
the  first  quantized  state,  and  gain  contributions  from  the  second  quantized  state  are 
required  for  lasing.  At  intermediate  L,  it  is  possible  to  achieve  lasing  at  first  n=l 
(i.e.  lasing  due  primarily  to  gain  contributions  from  the  n=l  quantized  quantum  well 
state,  since  n=2  contributions,  however  small,  are  always  present),  then  ai  the  injected 
current  density  increases  (filling  higher  lying  subbands),  at  n^2.  In  our  conventional 
broad  area  stripe  geometry,  gain  guided  red  edge-emitting  lasers  (single  strained 
~Gao,44lno.56P  quantum  well  with  (AIo.4Gao.6)o.5lno.5P  barriers  and  -1pm  thick  AllnP 
cladding  layers,  capped  with  (p-4-)GaAs,  and  grown  on  (n-t-)GaAs  substrates),  lasing 
occurs  only  at  n=l  for  L  ^  3(X)  pm  (Jth  ~200  A/cm^)  due  to  gain  saturation  and  heating. 
Figure  5.12  is  a  plot  of  the  electroluminescence  sampled  from  the  top  of  an  AlGalnP  red 
edge-emitter  with  a  50  pm  x  250  pm  stripe.  Multimode  lasing  first  occurs  near  680  nm, 
then  blue-shifts  to  near  660  nm  when  the  peak  gain  from  n=2  exceeds  that  at  n=l  (see 
Figs  2.33  and  2.34  in  Chapter  2).  For  L  <  200  pm,  lasing  is  achieved  only  at  n=2. 

Figure  5.13(a)  is  a  plot  of  the  threshold  current  versus  lasing  wavelength  fOT 
several  Quick  visible  VCSELs  across  sample  XIX)222B.  The  devices  have  an  optical 
aperture  diameter  of  10  pm,  in  a  mesa  diameter  of  20  pm.  The  room  temperature  current 
excitation  is  100  ns  pulses  at  a  repetition  rate  of  10  ps  (i.e.  1%  duty  cycle).  A  low  duty 
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Fig.  5.12  Electroluminescence  sampled  from  the  top  of  a  50  |im  x  250  fim  broad  area, 
stripe  geometry,  AlGalnP  visible  edge-emitting  laser.  Multimode  lasing  at  the  n=l  gain 
peak  (near  680  nm)  blue-shifts  ~20  nm  to  the  i:=2  gain  peak  (near  660  nm)  as  the  current 
increases.  The  threshold  current  (Ith)  is  ~37  mA,  corresponding  to  a  Jth  ~300  A/cm^.  The 
room  temperature  pulsed  current  excitation  is  1  GO  ns  pulses  at  1.0  ps. 
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Fig.  5.13  (a)  Threshold  current  versus  lasing  wavelength  (or  equivalently  wafer 

position)  for  C^ick  visible  VCSELs  fabricated  across  sample  XD0222B,  and  (b)  die  same 
data  overlaid  with  semi-quandtadve  quantum  well  gain  spectra. 
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cycle  is  used  for  the  pulsed  excitation  to  minimize  heating  effects.  It  is  clear  that  the 
threshold  minimum  is  at  ~6S0  nm.  The  'parabolic  shape  of  the  curve  is  qualitatively 
similar  to  the  shape  of  the  curves  in  Figs  3.6  and  3.13(a),  and  a  similar  "ns2"  lasing 
argument  applies.  This  is  especially  true  since  it  was  proven  in  Fig.  S.9  that  the  n^l  gain 
peak  occurs  at  ~670  nm. 

Figure  S.  13(b)  shows  the  same  threshold  current  versus  wavelength  data,  along 
with  two  estimated  (and  normalized  to  remove  the  units)  quantum  well  gain  curves  where 
the  n=2  gain  peak  coincides  with  ~650  nm.  The  gain  curves  are  calculated  by  using  the 
semi-quantitative  gain  riKxlel  in  Appendix  D.  The  top  gain  curve,  relative  to  the  lower 
gain  curve,  represents  increased  injected  carrier  density  in  the  quantum  wells.  If  the  gain 
at  ~66S  to  670  nm  is  high  enough  for  lasing,  the  lowest  threshold  current  (lui)  should 
occur  at  this  wavelength  corresponding  to  the  n^l  transition.  For  the  visible  VCSELs 
however,  the  lowest  1th  is  near  ~650  nm,  and  the  lui  increases  elsewhere.  This  suggests 
that  lasing  occurs  in  and  around  the  n=2  gain  peak.  (Lasing  is  not  strictly  "at  n=2",  but 
rather  occurs  due  to  gain  contributions  from  the  ns2  state.  This  is  nx>st  noticeable  at 
wavelengths  ^  660  nm  in  5.13(b)).  The  small  ~20  nm  separatitm  between  n=l  and  n=2  is 
a  consequence  of  the  small  band  offsets  and  the  large  effective  masses  of  the 
(AlyGai.y)o.sIno.sF  quantum  well  system.  For  an  analogous  GaAs/AlGaAs  quantum  well, 
the  separation  is  larger  at  50  to  60  nm. 

5.4  Operation  with  Gain  Contributions  Primarily  from  the  n=l 
Quantum  Well  State 

The  second  round  of  visible  VCSELs  are  similar  to  those  in  Section  5.3.  Several 
design  improvements  were  made,  however,  based  on  the  experimental  results  from  the 
optically  pumped  structures  (in  Chapter  3)  and  the  first  round  of  diodes  (in  Section  5.4). 
First,  the  thickness  of  the  quantum  wells  and  separation  layers  in  the  optical  cavity  active 
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region  were  decreased  (6  or  8  nm  rather  than  10  nm)  to  improve  the  overlap  between  the 
standing  wave  and  the  gain  layers,  and  to  reduce  the  threshold  cunent.  Due  to  the  thinner 
quantum  wells  and  corresponding  blue  shift  in  the  peak  spectral  gain,  the  design 
wavelength  (Xo)  was  decreased  to  ~66S  nm.  Second,  the  doping  density  in  the  (p)AlGaAs 
DBR  was  decreased  to  reduce  losses  associated  with  free  carrier  absorption.  Third,  the 
AlxGai.xAs  DBR  heterointerfaces  were  compositionally  graded  (~biparabolic  from 
X  =  1.0  to  0.7S,  then  x  =  0.75  to  O.SO,  and  vice  versa)  to  help  reduce  the  series  resistance, 
while  counter  balancing  the  reduced  p-doping  in  the  DBR  which  increases  the  series 
resistance. 

The  structures  were  grown  by  MOVPE  without  wafer  rotation  as  before.  The 
bottom  Si-doped  (n)DBR  (2  x  10^*  cm-3)  consists  of  55.5  periods  of  alternating 
0.15X-thick  AlAs  and  AlxGai.xAs  x  =  0.5  layers  with  O.lX-thick  x  =  1.0  to  0.5 
continuous  parabolic  graded  layers  at  each  interface  (samples  XD0623E  and  XD0624B 
have  the  original  step  grade  as  in  Table  5.1,  while  samples  XD0630C  and  XD0701C  have 
the  ~biparabolic  grade).  The  top  output-coupling  C-doped  (p)DBR  is  identical,  with  36 
periods.  The  C-doping,  ~2  x  10^*  cm'3,  is  one-half  the  value  for  the  round  1  devices. 
Additionally  (for  samples  XD0630C  and  XD0701C),  the  C-doping  is  reduced  to 
~5  to  10  X  10^7  cm-3  in  the  5  (p)DBR  periods  adjacent  to  the  optical  cavity,  and  increased 
to  -0.5  to  2  X  1020  cm'3  in  the  uppermost  2  DBRs  periods  (the  last  Alo.5Gao.5As  X/4  layer 
is  a  composite,  and  includes  a  10  nm  thick  (p+)GaAs  layer).  The  8X- thick  AlGalnP 
optical  cavity  active  region  contains  three  6  nm-thick  (x  -0.57,  e  -0.65%)  or  8  nm-thick 
(x  -0.55,  e  -0.49%)  Gai-xInxP  compressively  strained  quantum  wells,  separated  by 
6  nm-thick  (Alo.5Gao.5)o.5lno.5P  barrier  layers,  in  a  step  graded-barrier  separate 
confinement  heterostructure  (SCH)  (sample  XD0623E  has  4  quantum  wells).  Just  prior  to 
the  VeSEL  growth,  an  optical  cavity  active  region  calibration  sample  was  grown  without 
the  DBRs.  The  peak  room  temperature  photoluminescence  emission  wavelength  was 
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~665  nm.  Figure  5.14  shows  the  measured  reflectance  spectra  for  (a)  sample  XD0624B 
and  (b)  sample  XD0701C,  near  wafer  center. 

Etched  post  Quick  VCSEL  test  devices  were  fabricated  as  before,  on  strips 
cleaved  from  the  2  inch  diameter  wafers.  The  strips  ran  from  one  side  of  the  wafer  to  the 
other,  along  the  wafer  centerline.  Figure  5.15  is  a  plot  of  the  threshold  current  versus 
lasing  wavelength  under  pulsed  excitation  (100  ns  pulses  at  a  1  ps  period)  at  room 
temperature  (without  heat  sinking)  for  (a)  samples  XD0623E  and  XD0624B,  and 
(b)  samples  XD0630C  and  XD0701C,  for  several  devices  positioned  across  the  wafer 
strips.  The  devices  had  10  pm  diameter  optical  apertures  in  a  20  pm  diameter  mesa.  The 
threshold  current  minima  correlate  well  to  the  peak  of  the  room  temperature  PL 
(~665  nm)  measured  on  the  active  region  calibration  sample,  allowing  for  a  small 
red-shift  due  to  heating.  Additionally,  the  threshold  minima  correlate  to  lasing  at  the  n^l 
quantum  well  transition,  in  contrast  to  the  results  in  Section  5.4.  Lasing  at  wavelengths 
shorter  than  ~665  nm  was  achieved  as  before,  with  gain  contributions  from  the  n=2 
quantum  well  state.  Table  5.2  is  a  performance  comparison  of  the  hybrid  visible  VCSEL 
diodes. 

In  Fig.  5.15(a),  the  threshold  current  is  higher  for  sample  XD()623E  (with  four 
8  nm  thick  quantum  wells),  as  compared  to  sample  aD()624B  (with  three  8  nm  thick 
quantum  wells).  This  is  because  the  larger  number  of  wells  require  a  larger  injected 
carrier  density  to  reach  threshold.  In  contrast,  the  threshold  current  is  about  equal  for 
sample  XD063()C  (with  three  8  nm  thick  quantum  wells),  as  compared  to  sample 
XD0701C  (with  three  6  nm  thick  quantum  wells),  except  at  >  670  nm.  In  all  samples,  the 
long  wavelength  cut-off  occurs  at  the  edge  of  the  wafer,  so  it  was  not  possible  to  test  for 
lasing  at  longer  wavelengths.  For  this  reason,  a  growth  adjustment  was  made  for  the  latter 
two  samples  (in  Fig.  5.15(b)),  such  that  the  ~665  nm  Fabry-Perot  resonance  occurred  at 
wafer  center. 
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Fig.  5. 14  Measured  reflectance  spectra  near  wafer  center  for  (a)  sample  XD0624B,  and 
(b)  sample  XD0701C. 
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Fig.  5. 15  Threshold  current  versus  lasing  wavelength  for  Quick  visible  VCSEL  (a) 
samples  XD0623E  and  XD0624B,  and  (b)  samples  XD0630C  and  XD0701C. 
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Table  5.2  Comparison  of  Hybrid  Visible  VCS EL  Diodes 


Sample 

Number 

DBR 

lop/botlom 

Quanoim  Wells 
number/  thickness 
Gai.xIiixP 

Pulsed  Thickness 

Lasing  Range  of  the 

low  to  high  (nm)  Optical  Cavity 

Ith  (mA)  at 
-wavelengdi  (nm) 

Rotmd  Number  1: 

XD0222B 

36/55.5 

3/  lOnm 

639  to  661^*1 

8X 

30 

x-0.56 

647.3 

XD0223A 

36/55.5 

2/ 10  nm 

nolase 

8X 

oo 

x-0.56 

none 

XD0310a5 

36/55.5 

3/ 10  nm 

646.0  to  664.l1 

lOX 

24 

x-0.56 

656.2 

XD0310BS 

36/55.5 

3/ 10  nm 

655.2  to  662.81 

4A. 

32 

x-0.56 

659.0 

XD0310c5 

36/55.5 

3/ 10  nm 

643.3  to  663.61 

8X 

32 

x-0.56 

650.0 

Round  Number  2: 

XD0623E1 

36/55.5 

4/8nm 

648.6  to  662.4t 

«k 

9.8 

x-0.55 

660.4t 

XD0624B1 

36/55.5 

3/8nm 

642.6  to  667.3t 

9.7 

X  -  0.55 

665.3 

XD0630C1-2 

36/55.5 

3/8  nm 

637.4  to  680.9t 

8X 

9.0 

x-0.55 

664.6 

XD0701CJ-  2 

36/55.5 

3/6nm 

629.6  to  691.4t 

8A. 

10.7 

x-0.57 

662 

Wafers  are  not  rotated  during  MOVPE  growth; 

Devices  are  Quick  visible  VCSELs  with  a  10  diameter  qxical  aperture  in  a  20  pm  diameter  mesa; 
Structures  grown  on  (100)  (n+)  GaAs  substrates,  misoriented  6°  toward  the  nearest  <1 1 1>A; 

Room  Temperature  (~3(X)K)  pulsed  current  excitation,  10  ns  to  100  ns  pulses  at  100  ns  to  1  ps  period; 
(^kk  visible  VCSELs  with  a  20  pm  diameter  optical  aperture  in  a  30  pm  diameter  mesa; 
grown  on  a  (31 1)A  (n+)  GaAs  substrate 
long  wavelength  cut-trfT  occurs  at  the  edge  of  the  wafer ; 

^ :  Lasing  only  with  o=2  gain  contributions; 

reduced  p-doping  in  the  DBRs  (cut  in  half  to  ~2  x  10^^  cm'^)  to  reduce  free  carrier  absorption; 
-biparabolk  graded  DBRs 
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For  the  10  {xm  aperture  devices  from  wafer  XD0701C,  lasing  is  achieved  at  up  to 
a  70%  duty  cycle  (700  ns  pulses  at  1  ps)  from  -660  to  670  nm.  This  decreases  to  a  10  % 
duty  cycle  at  642.3  nm  due  to  heating  effects.  Lasing  was  achieved  down  to  629.6  nm  by 
using  10  ns  pulses  at  a  period  of  100  ns.  As  mentioned  above,  the  long  wavelength  cut¬ 
off  at  691.4  nm  occurred  at  the  edge  of  the  wafer.  For  devices  with  20  and  40  lun  optical 
apertures  emitting  near  665  nm  with  pulsed  excitation  (1(X)  ns  at  1  ps),  the  maximum 
peak  output  power  was  3  and  7  mW,  respectively,  while  the  maximum  duty  cycle  was  50 
and  40%,  respectively. 

The  shape  of  the  threshold  current  versus  lasing  wavelength  curves  in  Fig.  5.15 
can  be  qualitatively  explained  with  the  quantum  well  gain  model  in  Appendix  D  (as  is 
done  in  Section  3.6).  Figure  5.16(a)  shows  the  threshold  current  versus  lasing  wavelength 
results  for  C^ick  visible  VCSELs  (sample  XD0701C)  with  5  and  10  pm  diameter  optical 
apertures,  in  15  and  20  pm  diameter  mesas,  respectively.  Superimposed  on  the  plot  is  the 
calculated  (normalized)  gain  spectrum  for  a  6  nm  thick  Gao.43Ino.s7P  quantum  well, 
surrounded  by  (Alo.5Gao.5)o.5lno.5P  barrier  layers.  Figure  5.16(b)  shows  the  calculated 
gain  spectra  at  different  quantum  well  carrier  densities.  As  the  quantum  well  carrier 
density  increases,  the  spectral  gain  rises  and  first  reaches  threshold  at  the  n=l  gain  peak 
near  -665  nm  (a  small  red  shift  due  to  heating  is  expected).  With  further  increases  in 
current  (and  thus  carrier  density),  the  spectral  gain  increases  and  lasing  is  achieved  at 
wavelengths  on  either  side  of  -665  nm.  As  a  result,  the  threshold  current  versus  lasing 
wavelength  curve  is  roughly  the  inverse  of  the  spectral  gain  curve,  around  the  n=l  gain 
peak.  The  asymmetry  in  the  curve  is  due  to  heating  effects.  As  the  carrier  density 
increases  with  injection  current,  the  device  temperature  increases.  The  increased 
temperature,  along  with  exchange  and  correlation  effects,  decrease  the  energy  bandgap  of 
the  quantum  well(s).  This  causes  a  red  shift  in  the  spectral  gain,  along  with  a  reduction  in 
the  gain  (compared  to  the  gain  at  the  original  temperature). 


THRESHOLD  CURRENT  (mA) 
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WAVELENGTH  (nm) 


Fig.  5.16  (a)  Threshold  current  versus  lasing  wavelength  (or  equivalently  wafer 

position)  for  Quick  visible  VCSEL  sample  XD0701C,  superimposed  with  a  normalized 
calculated  quantum  well  gain  spectrum,  and  (b)  calculated  quantum  well  gain  spectra. 
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5.5  Continuous  Wave  Operation 

The  Quick  visible  VCSELs  in  Section  5.4  were  tested  with  CW  current  excitation. 
Figure  5.17  shows  the  room  temperature  (23  ®C)  CW  output  power  and  voltage  against 
current  curves  (L-I-V)  for  a  device  with  a  5  pm  optical  aperture  centered  in  a  15  pm 
diameter  mesa,  emitting  at  670.4  nm.  The  threshold  current  (Ith)  is  5  mA 
(Jth  *  2.8  kA/cm2)  at  a  voltage  (Vu,)  of  2.4  V.  The  resistance  remains  below  40  Q  past 
threshold.  The  L-I  curve  rolls  over  quickly  at  <  2Ith  due  to  heating  effects.  Lasing 
with  CW  excitation  is  obtained  over  the  limited  peak  emission  wavelength  range  of 
670  nm  ±  1  nm. 

Larger  optical  aperture  Quick  visible  VCSELs  operate  CW  only  at  reduced 
temperatures.  Figure  5.18  shows  typical  CW  L-I-V  curves  for  a  device  with  a  40  pm 
optical  aperture  in  a  50  pm  diameter  mesa.  The  peak  output  power  is  3  mW  at  lOOK 
du,  =  22  mA,  Vu,  =  3.7  V)  and  drops  to  -200  pW  at  260  K  (Ith  =  35  mA,  V*  =  2.7  V). 
For  this  device  with  peak  emission  at  "661  nm,  the  lowest  current  threshold  (18  mA, 
curve  c)  occurs  at  ~2(X)K,  suggesting  that  some  refinement  (shift  of  the  Fabry-Perot 
resonance  toward  the  spectral  gain  peak)  for  more  efficient  room  temperature  operation  is 
possible.  The  CW  power  is  >  4  mW  for  several  devices  emitting  at  longer  wavelengths. 

The  second  round  of  visible  VCSELs,  described  in  Section  5.4,  were  also 
fabricated  into  proton  implanted  structures,  as  outlined  in  Section  5.2.  A  double  proton 
implant  was  used  for  lateral  current  confinement,  with  doses  of  4  and  1  x  10*^  cm‘2,  at 
energies  of  410  and  370  keV,  respectively.  The  top  contact  was  rectangular 
(-75  X  125  pm),  with  optical  apenures  of  10,  15,  20,  and  30  pm.  The  implant  defined 
apertures  were  10,  15,  20,  and  30  pm,  and  thus  several  combinations  of  optical  and 
implanted  apertures  were  available. 


VOLTAGE  (Volts) 


CURRENT  (mA) 


Fig.  5.17  Room  temperature  (23  '’C)  continuous  wave  L-I-V  curves  for  a  Quick  visible 
VCSEL  (wafer  XD0701C).  The  lasing  emission  wavelength  is  X©  =  670.4  nm. 
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a  =  100K  c  =  200K 
b  =  150K  d  s  250K 


CURRENT  (mA) 


Fig.  5.18  Low  temperature  continuous  wave  L-l-V  curves  for  a  Quick  visible  VCSEL 
(wafer  XD0701C).  The  optical  aperture  diameter  is  40  pm,  in  a  SO  pm  diameter  mesa. 
(Measurement  courtesy  of  K.  D.  Choquette  [1993]). 
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The  L-I-V  characteristics  for  implanted  visible  VCSELs  with  10/10  ixm  and 
lS/20  pm  optical  aperture/implant  aperture  are  shown  in  Fig.  S.  19(a)  and  (b).  fen-  lasing  at 
~670  nm.  The  temperature  is  held  at  20°C  using  a  thermoelectric  cooler.  The  10  pm 
apoture  device  has  a  threshold  current  of  1.6  mA  (Jth  ~2.0  kA/cm^)  at  Vth  ~3V,  with  a 
maximum  output  power  of  ~0.2  mW.  The  device  resistance  remains  at  ~  3(X)  Q  with 

1  >  2Ith.  The  differential  quantum  efficiency  r\  =  (l/hv)(AP/AI)  is  ~5%  between 

2  to  3  mA,  and  the  peak  power  conversion  efficiency  is  -3%  at  3  mA.  On  similar  devices 
near  Xq  ~670  nm,  the  threshold  current  was  as  low  as  1.25  mA  (Jth  ~1.6  kA/cm^),  and  as 
high  as  2.2  mA  (Jth  ~2.8  kA/cm^).  The  15  pm  aperture  device  has  a  threshold  current  of 
4.6  mA  (Jth  ~1.5  kA/cm^)  at  V|h  ~2.4V,  with  a  maximum  output  power  of  ~0.44  mW. 
The  device  resistance  remains  below  ~100  O  with  I  >  Ith.  The  value  of  ti  is  ~4%  between 
5  to  10  mA,  and  the  peak  power  conversion  efficiency  is  ~3%  at  8  mA.  A  few  similar 
devices  with  20  pm  apertures  and  20  pm  implant  diameters  (implanted  at  ~340  keV  with 
5  X  10^^  cm*2)  had  maximum  ouq)ut  powers  of  0.45  to  0.55  mW. 

Typical  L-I-V  characteristics  for  a  visible  VCSEL  with  10/10  pm  optical 
aperture/implant  aperture  as  a  function  of  temperature  is  shown  in  Fig.  5.20.  Continuous 
wave  lasing  is  achieved  for  heat  sinking  temperatures  up  to  45®C.  This  indicates  that  the 
heat  dissipation  in  the  implanted  devices  is  far  superior  to  that  in  the  Quick  VCSELs.  The 
threshold  current  continuously  decreases  with  decreasing  temperature,  indicating  that  the 
optimal  overlap  between  the  Fabry-Perot  mode  and  the  gain  peak,  for  this  particular 
device,  occurs  at  reduced  temperatures  (<  20®C).  The  kink  in  the  L-I  curves  below  35®C 
represent  changes  in  the  transverse  modes. 

The  CW  threshold  current  versus  lasing  wavelength  for  sample  XD0701C  is 
shown  in  Fig.  5.21,  for  devices  with  10  pm  optical  and  implant  apertures.  The  threshold 
current  varies  slowly  with  lasing  wavelength  as  compared  to  the  data  in  Fig.  5.16,  with  a 
minimum  threshold  (1.9  mA)  at  ~670  nm,  and  abrupt  cut-offs  at  656.6  and  684.9  nm.  The 
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Fig.  5.19  L-I-V  characteristic  at  20®C  for  ion  implanted  visible  VCSELs  with  (a)  a 
10  ^un  optical  aperture  and  a  10  pm  implant  aperture,  and  (b)  a  15  pm  optical  aperture 
and  a  20  pm  implant  aperture. 
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Fig.  5.20  L-I-V  characteristics  for  an  ion  implanted  visible  VCSEL  with  a  10  pm  optical 
aperture  and  a  10  pm  implant  aperture  as  a  function  of  heatsink  temperature  from 
20  to  45  ®C. 
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Fig.  5.21  Continuous  v.ave  threshold  current  versus  lasing  wavelength  (or  equivalently 
wafer  position)  for  ion  implanted  visible  VCSELs  across  san^le  XD0701C. 
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shallower  curve  indicates  that  the  temperature  of  the  implanted  visible  VCSEL  is  not  as 
variable  as  is  the  temperature  of  the  Quick  visible  VCSEL.  Also,  a  larger  fraction  of  the 
injected  current  goes  toward  radiative  recombination,  thus  increasing  the  differential  gain 
and  overall  efficiency. 

5.6  Conclusions 

This  Chapter  presented  the  fabrication,  characterization,  and  analysis  of  the  first 
electrically  injected  visible  VCSELs  with  a  strained  quantum  well  AlGalnP  optical  cavity 
active  region  surrounded  by  AlGaAs  DBRs.  The  Quick  VCSEL  fabrication  process  was 
developed  and  proven  useful  for  the  rapid  1  day)  evaluation  of  VCSEL  epitaxial 
material.  As  demonstrated  with  the  second  round  devices,  the  performance  of  ion 
implanted  visible  VCSELs  is  far  superior  to  that  of  Quick  visible  VCSELs  (e.g.  the 
threshold  current  dropped  from  ~10  mA  to  -2  mA,  and  the  maximum  output  power 
increased  from  ~25  nW  to  ~200  ^iW,  for  -equivalent  size  devices).  This  is  due  largely  to 
improved  thermal  management  (i.e.  lower  currents  generate  less  heat,  and  the  heat  is 
more  effectively  dissipated  in  the  implanted  device  geometry  as  compared  to  the  etched 
air-post  geometry). 

Also  proven  very  useful  for  the  evaluation  of  VCSEL  wafers,  and  for  studies  of 
VCSEL  device  physics,  was  MOVPE  growth  without  rotation.  For  the  commercial 
production  of  two-dimensional  arrays,  however,  the  rotation  would  most  likely  be 
employed  to  yield  thickness  variations  of  about  ±1%  or  less  (i.e.  uniform  lasing  emission 
across  the  wafer),  unless  a  specific  application  required  a  range  of  emission  wavelengths 
from  a  group  of  closely  spaced  devices.  Note  from  Fig.  2.18  that  a  1%  thickness  variation 
roughly  corresponds  to  a  5  nm  range  of  emission  wavelengths. 

The  first  round  of  visible  VCSEL  diodes  were  shown  to  operate  with  significant 
gain  contributions  from  the  n=2  quantum  well  state,  with  emission  wavelengths  shifted 
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by  ~20  nm  from  what  would  be  expected  from  ''n=l  lasing".  While  this  is  a  novel 
approach  for  shorter  wavelength  operation  in  visible  quantum  well  lasers,  a  high  price  is 
paid.  The  threshold  current  is  3  or  more  times  higher  (since  the  wells  must  be  filled  to 
higher  carrier  densities).  The  increased  current  density  increases  the  device  temperature 
which  increases  carrier  leakage  from  the  quantum  wells,  and  in-tum  decreases  efficiency. 
Lasing  with  n=2  gain  contributions  was  found  in  both  optically  and  electrically 
pumped/injected  visible  VCSELs  and,  based  on  the  measured  characteristics,  was 
attributed  to  unoptimized  uulization  of  the  available  gain  (i.e.  poor  overlap  between  the 
quantum  well  active  region  and  the  central  standing  wave).  Except  for  specialized  short 
wavelength  or  two  mode  switching  applications  (yet  to  be  proven  viable),  it  is  unlikely 
that  commercial  devices  would  benefit  from  ”n=2  lasing". 

With  some  design  "tweaking":  1)  to  reduce  the  cavity  losses  (by  reducing  the 
p-doping  in  the  DBRs  and  near  the  optical  cavity),  2)  to  improve  the  utilization  of  the 
available  gain  (by  reducing  the  thickness  of  the  quantum  wells,  and/or  the  barrier  layers 
to  improve  the  overlap  between  the  wells  and  the  standing  wave  i>eak),  and  3)  to  keep  the 
series  resistance  low  (by  grading  the  DBR  interfaces),  the  second  round  devices  were 
shown  to  operate  with  gain  contributions  primarily  from  the  n=l  quantum  well  state.  (The 
effect  on  device  performance  due  to  each  of  the  changes  cited  above  deserves  further 
study).  For  the  first  time,  efficient  C!W  room  temperature  operation  was  demonstrated 
with  ion  implanted  versions  of  these  devices  (i.e.  thresholds  below  2  mA  with  maximum 
output  powers  >  0.2  mW).  This  last  result  has  proven  that  the  technology  is  viable,  and 
has  opened  the  door  for  large  scale  development.  Much  improved  device  performance  is 
expected  over  the  next  few  years  (i.e.  submilliamp  thresholds,  maximum  powers  >  5  mW, 
demonstration  of  high  density  arrays,  CW  lasing  at  Xq  -633  nm,  etc,). 
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Though  the  developmental  path  was  arduous,  red  VCSELs  have  indeed  emerged 
liom  the  laboratory,  progressing  horn  optically  pumped  structures  in  the  Fall  of  1991,  to 
efficient  diodes  that  operate  CW  at  room  temperture  by  the  Summer  of  1993. 
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Chapter  6  Conclusions 


”One  moment  there  had  been  nothing  but  darkness;  next  moment  a  thousand 
points  of  light  leaped  out- . . .  *  t 


6.1  Summary 

This  dissertation  explored  the  design,  fabrication,  and  characterization  of  visible 
("red")  vertical  cavity  siuface  emitting  lasers  (VCSELs).  In  Chapter  2,  the  general  design 
principles  for  VCSELs  and  related  resonant  cavity  structures  were  reviewed,  with 
particular  emphasis  on  materials  and  structures  for  visible  VCSELs.  The  range  of 
possible  emission  wavelengths  from  AlGalnP  strained  quantum  well,  optical  cavity  active 
regions  was  investigated  theoretically  and  supported  by  experimental  results.  It  was 
found  that  uncoupled  quantum  wells  with  thicknesses  of  ~3  to  10  nm  and  compressive 
strains  of  0  to  0.6%  could  access  the  wavelength  range  of  620  to  690  nm.  Further 
supporting  data  on  AlGalnP  and  AlGaAs  materials  (lattice-matched  to  GaAs)  for 
photonics  applications,  such  as  the  subtle  affects  of  ordering,  were  presented  in 
Appendix  A.  Chapter  2  included  a  detailed  discussion  of  distributed  Bragg  reflectors 
(DBRs)  and  Fabry-Perot  etalons  for  visible  photonic  applications.  Both  measured  and 
calculated  DBR  data  was  presented.  Finally,  a  comparison  of  conventional  GalnAs 
infrared  (IR)  VCSELs  with  the  new  AlGalnP  visible  VCSELs  was  accomplished.  It  was 
concluded  that  visible  VCSELs  would  have  lower  differential  gain  and  efficiency,  and  be 
more  sensitive  to  heating  effects.  Also,  that  AlGaAs  DBRs,  rather  than  AlGalnP  DBRs, 
would  be  the  better  design  choice  for  visible  VCSELs  emitting  at  X.o  -  630  nm. 


^  C.  S.  Lewis,  The  Magician's  Nephew  (1955). 
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The  initial  studies  on  optically  pumped  visible  VCSEL  structures  concentrated  on 
the  emission  range  of  650  to  660  nm.  For  the  development  of  visible  VCSEL  diodes, 
however,  attention  shifted  to  the  longer  wavelength  range  of  670  to  680  nm,  where  it  is 
well  known  that  threshold  currents  are  lowest  for  AlGalnP  edge-emitting  lasers  due 
largely  to  quantum  well  confinement  (leakage)  issues.  Chapter  3  presented  data  on 
undoped,  optically  pumped  visible  VCSELs  with  both  AlGaAs  and  AlGalnP  DBRs. 
The  structures  were  grown  by  metalorganic  vapor  phase  epitaxy  (MOVPE)  on 
GaAs  substrates,  as  described  in  Appendix  B.  The  quantum  well  active  regions  were 
designed  for  emission  near  ~675  nm  by  employing  10  nm  thick  Gao.44Ino.S6P  quantum 
wells,  surrounded  by  10  nm  thick  (Alo.4Gao.6)o.5lno.5P  barrier  layers.  Optically  pumped 
lasing  (using  conservative  designs  with  about  four  9's  (i.e.  Rb  ^  0.9999)  for  the 
reflectance  of  the  bottom  DBR,  and  about  three  9's  (i.e.  Ri  >  0.999)  for  the  reflectance  of 
the  top  output  coupling  DBR)  was  only  achieved  with  significant  gain  contributions  from 
the  n=2  quantum  well  state.  In  contrast,  the  previous  optically  pumped  lasing  results  were 
achieved  with  primarily  n=l  gain  contributions  for  structures  with  thinner  wells  and 
barriers  (i.e.  6  nm  thick  wells  and  7  nm  thick  barriers). 

In  order  to  cover  both  the  possibility  of  ”n=2  and/or  n=l  lasing",  the  important 
research  technique  of  not  rotating  the  wafers  during  MOVPE  growth  was  employed.  This 
also  allowed  an  investigation  of  the  effects  of  relative  mismatches  between  the  Fabry- 
Perot  mode  and  the  n=l  and  n=2  quantum  well  gain  peaks.  The  n=2  optically  pumped 
lasing  results  were  attributed  to  inefficient  utilization  of  the  quantum  well  gain,  due  most 
likely  to  the  thick  (10  nm)  quantum  well  separation  layers  (and  to  a  lesser  extent  due  to 
the  10  nm  thick  quantum  well  layers).  The  thick  barrier  layers  reduced  the  overlap  of  the 
quantum  wells  with  the  high  intensity  portion  of  the  standing  wave,  resulting  in  less 
efficient  gain.  The  calculations  of  the  standing  wave  on  resonance  were  performed  with  a 
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novel  numerical  model,  based  on  the  conventional  matrix  method,  as  outlined  in 
Appendix  C. 

The  design  and  spectral  characteristics  of  resonant  cavity  light  emitting  diodes 
(RCLEDs)  were  presented  in  Chapter  4,  including  the  first  visible  RCLEDs.  These 
devices  served  as  an  important  bridge  between  the  undoped  optically  pumped  visible 
VCSELs  and  the  electrically  injected  visible  VCSELs.  The  RCLEDs  were  useful  as 
optical  calibration  structures  for  the  subsequent  MOVPE  growth  of  VCSELs,  and  for  the 
determination  of  optical  cavity  doping  parameters  to  achieve  efficient 
electroluminescence.  (Also  note  that  RCLEDs  could  serve  as  "test  beds"  for  the 
investigation  of  microcavity  physics,  and,  they  are  viable  for  a  very  large,  commercial 
visible  (-560  to  690  nm)  LED  market).  A  Classical  Wave  Interference  Model  was 
developed,  and  shown  to  provide  a  good,  semi-quantitative  estimate  of  the  expected 
emission  spectrum  from  an  arbitrary  RCLED  structure.  The  spectral  characteristics  at 
several  points  across  unrotated  wafers  showed  clearly  the  enhanced  spectral  intensity  for 
on-resonance  wavelengths.  The  narrowed  linewidth  of  the  emission  spectra  (compared  to 
the  natural  emission  without  the  resonant  cavity)  was  correlated  to  the  design  of  the  given 
RCLED,  such  as  to  the  number  of  top  coupling  DBR  pairs. 

The  studies  of  electrically  injected  visible  VCSELs  were  presented  in  Chapter  5. 
These  studies  concentrated  on  the  use  of  AlGaAs  DBRs  because  of  the  compatibility  with 
existing  fabrication  schemes,  and  because  of  other  advantages  over  AlGalnP  DBRs  such 
as  a  reduced  number  of  periods,  ease  of  p-doping,  potentially  reduced  absorptive  losses, 
ability  to  be  isolated  with  proton  implantation,  and  reduced  thermal  resistivity.  A  Quick 
VCSEL  fabrication  process  was  developed  for  the  rapid  characterization  of  visible 
VCSEL  material.  As  before,  the  wafers  were  not  rotated  during  MOVPE  growth  to 
maximize  the  range  of  possible  emission  wavelengths.  The  first  round  of  prototype  Quick 
visible  VCSELs  operated  with  pulsed  current  excitation  at  room  temperature  over  the 
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range  of  639.1  to  660.9  nm,  with  a  maximum  output  power  of  3.38  mW  at  650  nm  with 
Jih  ~4.2  kA/cm2  (I^h  =  30  mA)  and  V|i,  ~2.7  V.  Due  to  absorptive  cavity  losses  and  the 
unoptimized  gain  layer  design  (as  identified  by  the  optical  pumping  experiments),  lasing 
could  only  be  achieved  with  signiHcant  gain  contributions  from  the  n=:2  quantum  well 
state.  This  was  the  first  demonstration  of  "n=2"  lasing  in  VCSEL  diodes  of  any 
wavelength. 

The  subsequent  second  round  of  Quick  visible  VCSEL  diodes  included  several 
design  improvements  such  as  reduced  p-doping  in  the  DBRs  (decreasing  absoiptive 
losses),  graded  DBR  interfaces  (reducing  series  resistance),  and  reduced  thickness  of  the 
quantum  well  and  barrier  layers  in  the  active  region  (increasing  the  gain  efficiency). 
These  devices  were  shown  to  operate  pulsed  at  room  temperature  over  the  very  broad 
range  of  629.6  to  691.4  nm,  with  gain  contributions  primarily  from  the  n=l  quantum  well 
state,  and  with  threshold  currents  -1/3  of  those  for  the  first  round  of  Quick  VCSELs.  The 
gain  characteristics,  such  as  the  dependence  of  emission  wavelength  on  threshold  current, 
were  qualitatively  analyzed  by  employing  the  standard  quantum  well  gain  models 
described  in  Appendix  D.  The  second  round  of  visible  VCSEL  material  was  also 
fabricated  into  conventional  top  emitting,  ion  implanted  devices.  These  devices  operated 
continuous  wave  (CW)  at  room  temperature  over  the  range  656.6  to  684.9  nm,  with 
threshold  currents  of  -2  mA  (Jq,  -2  kA/cm^),  threshold  voltages  of  Vih  -2  to  3  V,  and 
differential  quantum  efficiencies  of  -5%.  The  output  powers  ranged  from  -0.2  mW  for 
devices  with  10  pm  diameter  apertures,  to  over  -0.5  mW  for  devices  with  20  pm 
diameter  apertures. 

6.2  Suggestions  for  Future  Work 

This  work  has  proven  that  AlGalnP  visible  VCSELs  are  practical  devices,  with 
tremendous  potential.  Indeed,  the  device  performance  reported  in  this  dissertation 
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approaches  that  of  conventiona]  GaAs  IR  VCSELs  circa  1988.  Continued  "puling  of  the 
envelope”  toward  lower  thresholds,  higher  powers,  and  shtnter  wavelengths,  is  a  logical 
extension  of  this  work.  The  following  is  a  brief  list  of  suggestions  for  future  work  on  the 
visible  VCSEL,  motivated  by  interesting  device  physics,  manufacturing  issues,  and  by 
emerging  technological  applications.  In  addition  to  the  suggestions,  continued  advances 
in  the  epitaxial  growth  of  AlGalnP  are  essential  (i.e.  improved  dicing  and  compositional 
control,  development  of  regro>vth  techniques),  as  are  advances  in  the  manufacturing 
technology  (i.e.  dry  etching  of  AlGalnP). 

Specific  suggestions  are  as  follows: 

1)  Fabricate  and  characterize  ID  and  2D  arrays.  Investigate  the  wavelength  variation  of 
devices  fabricated  from  wafers  that  are  rotated  during  growth. 

2)  Develop  a  standard  red  (Xq  660  to  690  nm)  VCSEL  technology.  Further  investigate 
the  structured  cavity  mode  to  gain  misalignment  for  maximum  output  power  (also  reduce 
the  number  of  DBRs),  or  for  minimum  threshold  current.  Investigate  and  model  heating 
effects,  and  methods  to  stabilize  device  operation.  Investigate  the  polarization  and  nnodal 
characteristics  of  the  lasing  emission. 

3)  Investigate  shorter  wavelength  operation  (^  650  nm).  Develop  devices  for  efficient 
emission  at  Xq  632.8  nm  to  replace  HeNe  lasers  in  barcode  scanning  or  other 
applications. 

4)  Develop  VCSELs  for  operation  at  Xq  »  650  nm  for  use  in  plastic  fiber  communication 
systems.  Develop  RCLEDs  for  efficient  emission  at  650  nm  and  575  nm. 
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5)  Developed  and  characterize  an  all-AlGalnP  visible  VCSEL  diode  for  comparison  to 
the  hylvid  AlGaInP/AlGaAs  visible  VCSEL  diode. 

6)  Decrease  the  thickness  of  the  optical  cavity  active  region  to  1  or  2X..  Explme  other 
means  of  reducing  cavity  losses  such  as  pulse  doping  at  the  standing  wave  nodes. 

7)  Investigate  the  role  of  the  AlGalnP-AlGaAs  heterointerfaces  on  the  performance  of 
hybrid  visible  VCSELs.  Investigate  hybrid  AlGaInP/AlGaAs  DBR  schemes. 
(For  example,  surround  the  optical  cavity  with  a  few  AlGalnP  DBRs,  then  switch  to 
AlGaAs,  or,  explore  a  (p)DBR  composed  of  C-doped  AlAs  and  Mg  or  Zn-doped 
(AlyGai.y)o.sIno.sP  y  ~0<2  X/4  layers  for  minimal  valence  band  offset  and  improved 
doping  control). 

8)  Explore  novel  device  geometries,  such  as  those  that  employ  dielectric  top  DBR 
stacks,  those  that  place  the  p-doped  DBR  on  the  bottom  next  to  the  substrate,  those  that 
employ  hybrid  wafer  fusion  techniques. 

9)  Explore  optoelectronic  integrated  circuits  that  combine  red  VCSELs  with  other 
devices  such  as  heterojunction  transistors  and  detectors.  Demonstrate  smart  red  pixels. 

10)  Continue  the  investigations  of  the  optimal  thicknesses  of  the  quantum  well  and 
barrier  layers,  optimization  of  quantum  well  gain,  and  the  overlap  of  the  standing  wave 
with  the  gain  layers. 


Appendix  A  Material  Parameters 


This  Appendix  reviews  some  selected  material  parameters  of  AlGalnP  and 
AlGaAs  relevant  to  the  design  of  visible  photonic  devices.  Some  specific  data  (hi  bulk 
and  quantu'  well  AlGalnP  material  grown  at  Sandia  National  Laboratories  by 
metalorganic  vapor  phase  epitaxy  (MOVPE)  is  also  presented. 

A.1  Energy  Bandgap  and  Lattice  Constant 

Plots  of  energy  bandgap  Gowest  energy  transition)  and  photon  wavelength  against . 
lattice  constant  are  given  in  Fig.  A.  1(a)  and  (b).  The  photon  wavelength  (K)  is  calculated 
from  X(pm)  =  1.2398/Eg  (eV).  The  data  correspond  to  the  equations  in  Table  A.l. 

A.2  Refractive  Indices 

This  section  reviews  the  refractive  indices  for  (AlyGai.y)o.5lno.5P  (0.0  ^  y  ^  1.0) 
and  AlxGai-xAs  (0.0  ^  x  ^  1.0)  over  the  approximate  energy  range  1.0  to  2.3  eV, 
corresponding  to  the  photon  wavelength  range  1239.8  to  539.0  nm.  This  data  is  used  in 
the  matrix  calculations  described  in  Appendix  C.  The  complex  refractive  index  (N)  is 
given  as  N  =  n  -iK,  where  n  is  the  real  part  and  k,  the  extinction  coefficient,  represents  the 
imaginary  part.  The  absorption  coefficient  a  is  related  to  k  by 


a  =  4kk/Ko  (cm-i) 


(A.1) 


1.4 


GaAs 


Table  A.  1  Equations  for  Energy  Bandgap  and  Lattice  Constant 


material 

Equation 

composition  at  direct 
indirect  crossover 

AlxGai-xAs: 

EgP  =  1.424  +  1.087X  +  0.438x2 

EgX  =  1.905  +  0.10x  +  0.16x2 
ao  =  5.6605x  +  5.6533(l-x) 

*r  X  •  0.43 

Gai-xIiixP: 

EgP  =  2.78  -  2215x  +  0.786x2 

EgX  =  2.26  -  0.0815x 
ao  =  5.8688x  +  5.4512(l-x) 

(l-x)r.x-0.27 

AlxGai.xP: 

EgX  =  2.43x  +  2.26(l-x) 
ao=5.451x  +  5.4512(l-x) 

no  crossover 

AlxIni.xP: 

EgP  =  1.351  +  2.23x 

EgX  =  2.43x  +  2.26(l-x) 
ao  =  5.451x  +  5.8688(l-x) 

0.0  S  X  S  0.44 

0.44  <  X  <  1.0 

(AlyGai.y)o.5lno.5P 

EgP  =  1.91  +0.61y 

xr-x  -  0.7 

(lauice  matched  at 
-700®CtoGaAs) 

EgX  =  2.25  +  0.1y 
ao*  5.6533 

where  Xo  is  the  free  space  wavelength.  Note  that  k  =  0  near  and  below  bandgap,  except 
in  cases  of  high  doping.  A  plot  of  the  real  refractive  index  dispersion  of  unintentionally 
doped  (AlyGai.y)o.5lno.5P,  in  Ay  =  0.2  steps,  is  given  in  Fig.  A.2.  Each  curve  stops  at  the 
energy  corresponding  to  the  lowest  bulk  direct  bandgap  energy  transition  for  the  given 
composition.  This  data  was  obtained  from  reflectance  measurements  at  IR  wavelengths 
and  a  fit  to  a  single  effective  oscillator  model  [Tanaka  et  al.  1986].  Thus  the  values  at 
visible  wavelengths  are  extrapolated.  Accurate  absorption  data  near  and  above  bandgap 
are  not  available  for  AlGalnP  and  values  must  be  estimated.  This  is  not  true  of 
AlxGai-xAs.  A  plot  of  the  real  refractive  index  dispersion  for  unintentionally  doped 
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AlxGai-xAs  below  the  lowest  energy  bandgap  at  a  given  con^sidon  is  given  in  Fig.  A.3. 
This  data  is  from  a  model  that  neglects  absorption  but  with  parameters  fit  to 
measurements  over  the  indicated  range  of  wavelengths  [Adachi  1985].  Accurate  data  fw 
n  and  k  for  AlxGai.xAs,  for  specific  values  of  x,  from  1.5  to  2.5  eV  is  available  [Aspnes 
et  al.  1986].  A  plot  of  n  and  ic  for  x  =  0.0  and  0.5  is  given  in  Fig.  A.4.  The  values  for 
X  =  0.5  were  interpolated  Oom  measured  data  at  x=  0.491  and  0.590. 

A.3  General  Parameters 

Tables  A.2  and  A.3  list  several  material  parameters  for  (AlyGai.y)o.sInojP  and 
AlxGai.xAs  binary,  ternary,  and  quaternary  compounds. 


Table  A.2  Binary  Material  Parameters. 


Parameter  unit 

AlP 

GaP 

InP 

AlAs 

GaAs 

ao 

A 

5.4510 

5.4512 

5.8688 

5.6605 

5.6533 

E/ 

cV 

3.62 

2.78 

1.35 

2.95 

1.42 

Eg"" 

cV 

2.43 

2.26 

2.26 

2.17 

1.91 

Ao 

eV 

0.1 

0.1 

0.1 

0.30 

0.34 

Cii 

xlO'2  dyn/cm^ 

1.32 

1.412 

1.022 

1.202 

1.188 

Cl2 

xl0^2  dyn/cm^ 

0.63 

0.63 

0.576 

0.57 

0.538 

me*/mo 

- 

0.39 

0.17 

0.08 

0.15 

0.067 

mhh*Aiio 

- 

0.67 

0.67 

0.60 

0.76 

0.62 

mihVnio 

- 

0.20 

0.17 

0.12 

0.15 

0.087 

[Adachi  1985,  Wang  era/.  1990,  Madelung  1991] 
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Fig,  A.3  Real  refractive  index  dispersion  data  for  AIGaAs  below  the  energy  bandgap 
[from  Adachi  1985], 


PHOTON  WAVELENGTH  (nm) 


Fig.  A.4  Complex  refractive  index  dispersion  data  for  (a)  GaAs  and  (b)  Alo.5Gao.5As 
from  photon  wavelengths  of  550  to  850  nm  [from  Aspnes  et  al.  1986]. 
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Table  A.3  Ternary  and  Quaternary  Material  Parameters. 


unit 

BESSSIRl 

(AlvGai-v)o.5hio.5P 

80 

A 

5.6533 

5.6533 

5.6533 

E/ 

cV 

1.91 

2.52 

1.91  ■¥  0.61y  (random) 

1.84 

2.52 

(ordered) 

Eg^ 

eV 

2.25 

2.35 

2.25  +  O.lOy 

Ao 

eV 

0.1 

0.1 

0.1+0.035y 

nie^Ano 

- 

0.11 

0.35 

0.11(y<0.7)  0.35  (x>  0.7) 

inhh*/®^o 

- 

0.64 

0.67 

0.62  +  0.05y 

n>Ih*Atio 

- 

0.11 

0.14 

0.11  +  0.03y 

Cii 

xlQ^^  dynjcm^ 

1.22 

1.17 

1.22-0.05y 

C12 

xlO*^  dyn/cm^ 

0.60 

0.60 

0.60 

[Bout  1993,  linear  interpolation] 


A.4  Epitaxial  Growth  and  Ordering  of  AlGalnP 

The  optical  properties  of  GalnP  (and  AlGalnP)  are  influenced  by  an  ordered  phase 
that  occurs  naturally,  under  certain  crystal  growth  conditions,  on  the  group  III  sublattice 
[Suzuki  et  al.  1988,  Valster  et  al.  1991,  Schneider  et  al.  1992].  As  shown  in  Fig.  A.5,  the 
ordered  alloy  of  GalnP  consists  of  alternating  monolayers  of  GaP  and  InP  on  (111) 
planes.  This  ordering  occurs  along  two  variants  of  the  four  {111)  planes,  (ill)  and  (ill). 
In  normal  ternary  alloys,  the  group  in  atoms  would  randomly  occupy  group  HI  sublattice 
sites.  Long  range  ordering  is  directly  related  to  a  reduction  in  the  GalnP  energy 
bandgap  of  up  to  -135  meV  as  compared  to  fully  disordered  (random)  epitaxial  layers 
[Valster  et  al.  1991,  Schneider  et  al.  1992].  Figure  A.6  is  the  low  temperature  (12K) 
photoluminescence  (PL)  data  from  a  study  of  Gao.5Ino.5P  ordering.  Bulk  layers  (-0.5  |i,m 
thick)  were  grown  by  MOVPE  over  a  range  of  substrate  temperatures  (600  to  8(X)®C)  on 
(100)  GaAs  substrates  misoriented  0®and  2°  toward  the  nearest  <1 10>,  and  5®  and  6®  (not 
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Fig.  A.5  (a)  Unit  cell  of  ordered  Gao^Ino  5P  [Bout  1993],  and  (b)  schematic  diagram 
of  a  Gai.jjIn^P  ordered  crystal  grown  on  (001)  oriented  GaAs  (Ueno  1993]. 
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Fig.  A.6  Low  temperature  photoluminescence  peak  emission  energy  of  Gao.5Ino.5P 
epitaxial  layers  grown  on  (100)  GaAs  substrates  misoriented  0°  and  2°  toward  the 
nearest  <110>,  and  5°  toward  the  nearest  <111>A,  against  growth  temperature 
[Schneider  er  a/.  1992]. 
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shown)  toward  the  nearest  <111>A.  The  degree  of  disorder  generally  increases, 
corresponding  to  increased  PL  emission  energy,  as  the  substrate  misoricntation  is 
increased.  For  a  given  misohentation,  the  PL  energy  is  higher  below  625  °C  and  above 
725  °C,  corresponding  to  increased  disorder.  Additionally,  the  PL  linewidth  generally 
decreases  with  incrertsed  disorder. 

A.5  Photoluminescence  of  AlGalnP  Structures 

The  low  temperature  (12K)  normalized  PL  for  disordered,  undoped 
(AlyGai.ylo.sIno.sP  bulk  epitaxial  layers  with  y  =  0.0  to  0.5  in  0.1  steps  (except  y  =  0.1) 
is  shown  in  Fig.  A.7  [Schneider  and  Lott  1991].  These  layers  were  grown  on  (100)  GaAs 
substrates  misoriented  6®  toward  the  nearest  <111>A.  The  observed  emission  color  is 
noted,  along  with  the  peak  emission  wavelength.  At  room  temperature,  the  emission 
shifts  about  30  nm  to  longer  wavelengths  for  each  composition. 

The  12K  PL  spectra  from  Gai-xInxP/(Alo.7Gao.3)o.5lno.5P  multiple  single 
quantum  well  (MSQW)  test  structures  with  well  thicknesses  of  9,  6,  4,  2,  and  1  nm  and 
barrier  thicknesses  of  60  nm  are  shown  in  Fig.  A.8  [Schneider  1993].  The  upper  curve  (a) 
is  from  a  sample  grown  at  750  °C  on  a  6°  misoriented  (100)  wafer  with  x  =  0.56 
(e  =  0.55%  compressive  strain).  The  sample  represented  by  curve  (b)  is  identical,  except 
it  was  grown  at  675  °C  on  a  2°  misoriented  (100)  wafer.  The  PL  peaks  in  curve  (b)  are 
broadened  and  shifted  toward  longer  wavelengths,  indicating  increased  ordering.  The 
lower  two  curves  in  Fig.  A.8,  (c)  and  (d),  are  from  samples  identical  to  those  represented 
by  curves  (a)  and  (b),  respectively,  except  that  y  =  0.5  (i.e.  lattice  matched).  Compared  to 
curves  (a)  and  (b),  these  curves  are  shifted  toward  shorter  wavelengths  due  primarily  to 
the  increased  energy  bandgap  of  the  quantum  wells.  The  results  in  Fig.  A.8  are 
qualitatively  similar  to  those  of  a  previous  study  by  Valster  et  al.  [1991]. 
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Fig.  A.8  Low  temperature  photoluminescence  spectra  of  ordered  and  disordered, 
strained  and  unstrained,  AlGalnP  quantum  well  heterostructures.  Each  structure  contains 
flve  Gai-xInxP  quantum  wells  that  are  9, 6, 4, 2,  and  1  nm  thick,  separated  by  60  nm  thick 
(Alo.7Gao.3)o^Ino.5P  barrier  layers.  Curve  (a):  x»  0.56,  Tg  =  750  ®C,  6®  off  (100) 
substrate.  Curve  (b):  x  »  0.56,  Tg  =  675  ®C,  2®  off  (100)  substrate.  Curve  (c):  x  «  0.50, 
Tg  =  750  ®C,  6®  off  (100)  subsW.  Curve  (d):  x  «  0.50,  Tg  =  675  ®C,  2®  off  (100) 

substrate.  The  strain  (e)  for  spectra  (a)  and  (b)  is  ~0.55%  [Schneider  1993]. 
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A.6  Heterojunction  Band  Offsets 

The  band  offsets  for  the  (AlyGai.y)ojlnoiiP  system  are  not  accurately  known.  The 
conduction  band  offset  has  been  given  as  AEc  =  QcAEg,  with  0.39  <  Qc  <  0.75 
[Liedenbaum  et  al.  1990,  Valster  et  al.  1991,  Bour  1993,  Schneider  et  al.  1993].  It  is 
generally  agreed  that  the  directAndirect  crossover  point  occurs  at  about  y  ~  0.6  to  0.7,  and 
that  this  composition  gives  the  largest  conduction  band  oflTset  to  Gai.xInxP.  For  this 
dissertation,  Qc  is  estimated  to  be  0.6.  The  value  of  Qc  for  AlxGai.xAs  is  also  believed  to 
be  ~0.6.  Using  these  values  for  Qc,  the  data  in  Tables  A.  1  to  A.3,  and  a  Qc  =  0.4  for  the 
GaAsAjao.sIno.sP  heterointerface  [Gunapala  et  al.  1990,  Hatakoshi  et  al.  1991, 
Masselink  et  al.  1992],  Fig.  A.9  was  constructed.  The  relative  energy  differences  in  this 
plot  can  be  used  to  estimate  the  energy  band  offsets  for  any  given  AlxGai.xAs  and/or 
(AlyGai.y)o.5lno.5P  heterojunction. 


225 


References  for  Appendix  A 

Adachi,  S.,  "GaAs,  AlAs,  and  AlxGai.xAs:  Material  Parameters  for  Use  in  Research  and 
Device  Applications",  Journal  of  Appli^  Physics,  58(3),  p.  R1-R29  (1  August  1985). 

Aspnes,  D.  E.,  S.  M.  Kelso,  R.  A.  Logan,  and  R.  Bhat,  "Optical  Properties  of 
AlxGai.xAs",  Journal  of  Applied  Physics,  60(2),  p.  754-767  (15  July  1986). 

Bour,  D.  P.,  "AlGalnP  Quantum  Well  Lasers",  Ch.  9,  in  Quantum  Well  Lasers, 
P.  S.  Zory,  Jr.,  ed.  (Academic  PressrNew  YotIc  1993). 

Gunapala,  S.  D.,  B.  F.  Levine,  R.  A.  Logan,  T.  Tanbun-Ek,  and  D.  A.  Humphrey, 
"GaAs/GalnP  Muldquantum  Well  Long- Wavelength  Infrared  Detector  Using  Bound-to- 
(^ondnuum  State  Absorpdon",  Applied  Physics  Letters,  57(17),  p.  1802-1804  (22  October 
1990). 

Hatakoshi,  G.,  K.  Itaya,  M.  Ishikawa,  M.  Okajima,  and  Y.  Uematsu,  "Short-Wavelength 
InGaAlP  Visible  Laser  Diodes",  IEEE  Journal  of  Quantum  Electronics,  27(6),  p.  1476- 
1482  (June  1991). 

Krijn,  M.  P.  C.  M.,  "Heterojunedon  Band  Offsets  and  Effective  Masses  in  III-V 
(^artemary  Alloys",  Semiconductor  Science  Technology,  6,  p.  27-31  (1991). 

Liedenbaum,  C.  T.  H.  F.,  A.  Valster,  A.  L.  G.  J.  Severens,  and  G.  W.  t'  Hooft, 
"Determinadon  of  the  GalnP/AlGalnP  Band  Offset",  Applied  Physics  Letters,  57(25),  p. 
2698-2700  (17  December  1990). 

Madelung,  O.,  ed..  Semiconductors:  Group  IV  Elements  and  III-V  Compounds,  (Springer- 
Verlag:New  York,  1991). 

Masselink,  W.  T.,  M.  Zachau.  F.  W.  Hickmott,  and  K.  Hendrickson,  "Electronic  and 
Optical  Characterization  of  InGaP  Grown  by  Gas-Source  Molecular  Beam  Epitaxy", 
Journal  of  Vacuum  Science  Technology  B,  1(K2),  p.  966-968  (March/April  1992). 

Schneider,  Jr„  R.  P.,  and  J.  A.  Lott,  unpublished  (1991). 

Schneider,  Jr.,  R.  P.,  E.  D.  Jones,  J.  A.  Lott,  and  R.  P.  Bryan,  "Photoluminescence 
Linewidths  in  Metalorganic  Vapor  Phase  Epitaxially  Grown  Ordered  and  Diswdered 
InAlGaP  Alloys",  Journal  of  Applied  Physics,  72(1 1),  p.  5397-5400  (1  December  1992). 

Schneider,  Jr.,  R.  P.,  unpublished  (1993). 

Schneider,  Jr.,  R.  P.,  R.  P.  Bryan,  E.  D.  Jones,  and  J.  A.  Lott,  "Excitonic  Transidons  in 
InGaP/InAlGaP  Strained  Quantum  Wells",  Applied  Physics  Letters,  63(9),  p.  1240-1242 
(30  August  1993). 

Suzuki,  T.,  A.  Gomyo,  and  S.  lijima,  "Strong  Ordering  in  GalnP  Alloy  Semiconductors: 
Formadon  Mechanism  for  the  Otder^  Phase",  Journal  of  Crystal  Growth  93,  p.  396-405 
(19o8). 


226 


Tanaka,  H.,  Y.  Kawamura,  and  H.  Asahi,  ’'Refractive  Indices  of  Ino.49Gao.si-xAlxP 
Lattice  Matched  to  GaAs",  Journal  of  Applied  Physics,  59(3),  p.  985-986  (1  February 
1986). 

Ueno,  Y.,  "Oscillator  Strength  Enhancement  for  [llOl-Polarized  Light  in  Compressively 
Strained  GalnP  Ordered  Crystals  Used  in  AlG^nP  Lasers",  Applied  Physics  Letters, 
62(6),  p.  553-555  (8  Felmiary  1993). 

Valster,  A.,  C.  T.  H.  F.  Liedenbaum,  M.  N.  Hnke,  A.  L.  G.  Sevcrens,  M.  J.  B.  Boermans, 
D.  E.  W.  Vandenhoudt,  and  C.  W.  T.  Bulle-Lieuwma,  "High  Quality  AlGalnP  Alloys 
Grown  by  MOVPE  on  (31 1)B  GaAs  Substrates",  Journal  of  Crystal  Growth,  107,  p.  403- 
409(1991). 

Wang,  T.  Y.,  A.  W.  Kimball,  G.  S.  Chen,  D.  Birkedal,  and  G.  B.  Stringfellow, 
"Atmospheric  Pressure  Organometallic  Vapor-Phase  Epitaxial  Growth  and 
Characterization  of  Gao.4lno.6P/(Alo.4Gao.6)o.5lno.5P  Strained  (^antum  Wells",  Journal 
of  Applied  Physics,  68(7),  p.  3356-3363  (1  (^tober  1990). 


Appendix  B  Metalorganic  Vapor  Phase  Epitaxy 

System 


This  Appendix  contains  a  brief  overview  of  the  Aixtron  200  low  pressure 
metalorganic  vapor  phase  epitaxy  (MOVPE)  system.  This  system  was  used  to  grow  the 
structures  described  in  this  dissertation  [Schneider  1993].  A  simplified  schematic  is 
shown  in  Fig.  B.l,  and  a  summary  of  precursors  is  given  in  Table  B.l.  The  system 
consists  of  a  low-pressure  horizontal  quartz  reaction  chamber  with  infrared  lamp  heating 
and  a  very  fast  vent-run  switching  manifold.  Growth  is  on  one  2-inch  wafer  per  run,  with 
or  without  rotation.  As  in  most  MOVPE  systems,  Pd-purified  hydrogen  is  used  as  a 
carrier  and  dilution  gas.  The  metalorganic  (alkyl)  bubbler  sources  are  adduct  purified  and 
kept  in  temperature  controlled  baths  at  13®C  (trimethylindium)  or  17®C  (all  others).  Two 
each  trimethylaluminum  (TMAl)  and  triiiKthylgallium  (TMGa)  sources  arc  used.  This 
minimizes  flow-rate  changes  in  the  bubblers  that  could  lead  to  non  uniform  delivery.  This 
is  important  for  precise  thickness  and  compositional  growth  control  of  Gai-xInxP/ 
(AlyGai.y)o.sIno.sP  strained  quantum  well  active  regions.  The  multiple  sources  are  also 
important  for  the  precise  growth  of  AlInP/AlGalnP  and  AlAs/AlGaAs  distributed  Bragg 
reflectors.  For  AlGaAs,  the  p-type  dopant  is  C  from  the  CCI4  bubbler,  while  for  AlGalnP 
the  p-type  dopant  is  either  Zn  or  Mg.  Both  materials  are  doped  n-type  with  Si.  The  gas 
handling  system  includes  several  electronic  mass  flow  controllers  (MFCs)  and  pressure 
controllers  (PCs)  that  deliver  precisely  metered  amounts  of  reactants  at  very  high  flow 
rates.  This  feature  allows  the  accurate  growth  of  very  thin  layers  such  as  quantum  wells. 
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Fig.  B.l  Simplified  schematic  diagram  of  the  Aixtron  MOVPE  system. 


Table  B.  1  Summary  of  Precursors  for  the  Aixtron  MOVPE  ^stem 


Source 

abbreviation 

formula 

delivery 

type 

comment 

100%  hydrogen 

- 

H2 

bottled  gas 

- 

carrier/dilution  gas 

100%  phosphine 

- 

PH3 

bottled  gas 

hydride 

P  (group  V) 

100%  arsine 

- 

AsH3 

bottled  gas 

hydride 

As  (group  V) 

diethylzinc 

DEZn 

(C2H5)2Zn 

bottle  or  bubbler 

metalorganic 

Zn  (p-type  dopant) 

carbon  tetrachloride 

- 

ecu 

liquid  in  bubbler 

chloride 

C  (p-type  dopant) 

100  ppm  disilane 

- 

Si2H6  in  H2 

bottled  gas 

hydride 

Si  (n-type  dopant) 

trimethylaluminum 

TMAI 

(CH3)3A1 

liquid  in  bubbler 

metalorganic 

A1  (group  III) 

trimethylgallium 

TMGa 

(CH3)3Ga 

liquid  in  bubbler 

metalwganic 

Ga  (group  ni) 

trimcthylindium 

TMIn 

(CH3)3ln 

solid  in  bubbler 

metalorganic 

In  (group  111) 

bis(cyclopentadienyl)- 

Cp2Mg 

(C5H5)Mg 

solid  in  bubbler 

metalorganic 

Mg  (p-type  dt^rant) 

magnesium 


Also,  a  complex  set  of  pressure  actuated  valves  are  used  to  control  the  gas  flow  at  key 
points  in  the  system.  The  valves,  for  example,  start  and  stop  the  flow  of  the  precursors. 
They  also  independently  direct  the  precursors  into  the  reaction  chamber  or  into  the  vent 
line.  The  diluted  precursors  are  mixed  in  a  common  manifold  at  the  entrance  to  the 
reaction  chamber  and  flow  quickly  through  the  susceptor  hot  zone  where  pyrolysis 
occurs,  resulting  in  epitaxial  growth.  The  excess  gas  flows  into  the  exhaust  and  is  fed  to  a 
scrubber  which  cracks  the  constituents  into  nontoxic  end  products  for  atmospheric 
release.  The  entire  system  is  under  computer  control  and  follows  a  sequential  program. 
Typical  growth  pressures  of  80  to  110  mbar  are  used  for  the  growth  of  AlGaAs  and 
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AlGalnP  compounds,  respectively.  The  growth  temperature  is  nominally  725  to  775  °C, 
and  the  growth  rates  are  ~5  to  9  A/s  for  AlGaAs  and  -6  to  7 A/s  for  AlGaInP.  Although 
the  exact  growth  mechanisms  are  not  known,  the  following  simplified  reactions  describe 
the  MOVPE  growth  process  for  AlGaAs  and  AlGalnP: 

X  (CH3)3A1  +  (1  -  x)  (CH3)3Ga  +  [ASH3]  [AlxGai.xAs]  +  3[CH4] 

y  (CH3)3A1  +  (1  -  y)  (CH3)3Ga  +  [(CH3)3ln]  +  2[PH3l 

2[(AlyGa:-y)o.5lno.sP]  +  6[CH4] 

where  0.0  <  x,  y  ^  1.0.  Detailed  information  on  crystal  growth  by  MOVPE  is  found  in 
the  review  article  by  Ludowise  [1985],  and  in  the  book  by  Stringfellow  [1989]. 
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Appendix  C  Matrix  Calculations 


This  Appendix  briefly  reviews  the  2x2  matrix  calculation  that  is  used  to  model  the 
electric  field  intensity  on  resonance  for  visible  vertical  cavity  surface  emitting  lasers 
(VCSELs).  Similar  methods  are  used  throughout  this  dissertation  to  model  the 
reflectance,  reflectivity  phase,  transmittance,  and  absorptance  of  VCSEL  and  related 
structures  such  as  distributed  Bragg  reflectors  (DBRs).  Computer  programs  (written  in 
Pascal)  that  incorporate  these  methods  have  been  developed  and  serve  as  useful  design 
tools.  The  computer  programs  allow  for  very  general  layered  structures,  defined  by  an 
input  file,  where  the  refractive  index  N(q))  =  n(o))  -  iK(o))  is  complex  in  each  layer  in 
order  to  adequately  model  absorption.  Also,  the  angle  of  incidence  (with  s-  or  p-polarized 
fields)  is  arbitrary.  In  general,  however,  the  field  parameters  at  normal  incidence  are  of 
the  most  interest.  The  2x2  matrix  equations  used  to  design  multilayer  optical  interference 
coatings  are  well  established  and  covered  in  varying  detail  in  standard  textbooks  [Bom 
and  Wolf  1975,  Yeh  1988,  MacLeod  1989,  Thelen  1989,  and  others].  Two  types  of 
matrix  approaches  are  commonly  used,  based  on  2x2  "characteristic"  or  "transfer" 
matrices  with  complex  number  entries.  Both  methods  rely  on  the  following  assumpdons: 

1)  nonmagnetic  Aims 

2)  isotropic  and  homogeneous  materials 

3)  smooth  interfaces  without  scatter 

4)  plane  parallel  films  of  infinite  lateral  extent 

5)  semi-infinite  incident  and  substrate  media 

6)  linear  wave  equation 
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The  characteristic  matrix  approach  relates  the  complex  amplitude  of  the  sum  total  of  both 
the  electric  and  magnetic  field  vectors  (tangential  components)  at  a  given  boundary 
(interface)  to  these  same  fields  at  the  adjacent  boundary.  Each  2x2  matrix  includes  the 
parameters  of  the  individual  layers  such  as  the  refractive  index,  thickness,  and  angle  of 
incidence.  In  contrast,  the  transfer  matrix  approach  uses  2x2  "dynamical"  and 
"propagation"  matrices  to  relate  the  incident  {E  ■*■)  and  reflected  (£  ’)  electric  field  vectors 
to  the  same  quantities  at  either  side  of  a  given  interface  or  an  adjacent  interface.  The 
matrices  are  multiplied  together,  in  proper  order,  to  find  an  overall  transfer  matrix  for  the 
multitude  of  layers.  Both  approaches  were  computer  coded  and  found  to  run  at  nearly 
identical  speeds,  with  and  with  out  the  use  of  Chebyshev  polynomials  to  calculate  the 
powers  of  the  complex  2x2  matrices  for  blocks  of  repetitive  layers.  The  transfer  matrix 
approach  [Yeh  1988]  was  implemented  to  calculate  the  electric  field  intensity  (standing 
wave  pattern)  on  resonance  as  described  below. 

A  general  VCSEL  structure  for  modeling  purposes  is  shown  in  Fig.  C.l.  The 
amplitudes  of  the  incident  (£<,  ■•■)  and  reflected  (£<,* )  electric  field  plane  waves  at  x  «  0 
are  related  to  those  at  x  =  N  (£j  +  and  £j  *)  by 


/£/  \  /M„  Mi2W£/  \ 

\  £<,-  /  \  M21  M22  A  £j'  / 


(Cl) 


where  the  transfer  matrix  M  is 


Mil  ^*12 

M21  M22 


N 

n  DiPtD^ 

.t=\ 


(C.2) 


and  /  =  0, 1, 2, . . N,  s.  At  normal  incidence,  the  dynamical  matrices  for  arbitrary  layer  I 
are  given  by 


Dt 


(  '  ‘  1 

and  D/*  =  ^ 

1/N/) 

N<  -N/  1 

'  2\  1 

-l/N/l 

(C.3) 


where  N/  is  the  complex  index  of  refraction  for  layer  t.  The  propagation  matrix  for  layer 
Pi  is  given  by 


I  0 

I  0 


(C.4) 


where 

(p/  =ktcdi  and  kic=Ni^  =  Ni  (C5) 

Ac 


and  where  d/  is  the  thickness  of  layer  £  and  k/x  is  the  x  component  of  the  wave  vector. 
The  complex  electric  field  amplitude  throughout  the  structure  is  given  by 


E  ^  Q-^ox  +  -  Xo) 

E  t  (X  -  X/)  +  £  -  Q\kix  (X  -  x^) 

E  /  (X  -  xn)  +  £  ■  Qhksx  (X  -  Xn) 


X  <  Xo 
X;  - 1  <  X  <  X/ 
XN  <  X  / 


(C.6) 


From  Eq.  (C.l),  the  reflectivity  coefficient  (p)  with  £/  =  0  is  given  by 
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The  reflectivity  magnitude  for  typical  VCSEL  structures  is  >  0.999.  To  solve  for  the 
electric  field  intensity  on  resonance,  the  complex  part  of  the  refractive  index  (k)  for  the 
quantum  well  layeifs)  is  phenomenologically  made  negative  (providing  unifcHm  gain)  to 
cause  the  reflectivity  to  reach  exactly  1.0  over  a  range  of  wavelengths  slightly  above  and 
below  the  Bragg  design  wavelength  (Xq),  so  that  Eq*  =  Eq'-  The  gain  per  well  goes 
through  a  minimum  as  a  function  of  wavelength,  quickly  found  numerically,  and  this 
wavelength  is  taken  as  the  resonance  wavelength.  Once  p  =  1.0  is  found,  the  values  of  the 
complex  electric  fleld  amplitudes  at  the  interfaces  are  known  and  Eq.  (C.6)  is  used  to 
calculate  the  electric  fleld  intensity  throughout  the  entire  VCSEL  structure.  The 
assumptions  in  the  calculation  are  that  the  reflectance  of  the  bottom  DBR  is  1.0,  as  seen 
from  the  optical  cavity,  and  that  the  quantum  well(s)  provide  uniform  and  equal  gain. 
This  calculation  method  is  useful  for  modeling  various  constructions  of  the  VCISEL  such 
as  designs  with  hybrid  dielectric/semiconductor  DBR  mirror  stacks.  It  is  also  useful  for 
examining  the  overlap  of  the  electric  fleld  intensity  with  the  quantum  well(s)  in  gain 
calculations,  and  for  modeling  the  phase  penetration  depth  of  the  standing  wave  into  the 
DBR  mirrors. 
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Appendix  D  Quantum  Well  Gain  Calculations 


This  Appendix  overviews  two  optical  gain  models  for  AlGalnP  quantum  well  or 
similar  structures,  including  a  first  order  conventional  model,  and  a  semi-quantitative 
model.  The  models  are  useful  for  the  analysis  of  the  optically  pumped  and  electrically 
injected  visible  vertical  cavity  surface  emitting  lasers  (VCSELs)  presented  in 
Chapters  3  and  5. 

Optical  gain  in  semiconductors  is  cotmnonly  calculated  using  perturbation  theory 
(i.e.  Fermi's  Golden  Rule)  [Holonyak  et  al.  1980,  Arakawa  and  Yariv  1985,  Yariv  1989, 
Zory  1993].  The  end  result  is  a  spectrally  dependent  gain  coefficient  that  is  a  parametric 
function  of  carrier  density,  or  radiative  current  density.  Several  key  factors  determine  the 
gain  spectrum  such  as  the  carrier  distribution  in  the  energy  bands,  the  transition  (matrix 
element)  probabilities,  and  the  intraband  relaxation  of  carriers  due  to  scattering  processes 
[Zory  1993].  The  latter  effect  is  usually  included  by  convolving  the  expression  for  gain 
with  a  spectral  lineshape  function  over  all  transition  energies,  effectively  smoothing  the 
gain  spectrum.  Other  effects  add  further  complexity,  including  for  example  carrier 
leakage  out  of  a  quantum  well,  nonradiative  (Auger)  recombination,  bandgap 
renormalization  (many-body  interactions),  and  quantum  well  strain  [Orrzine  et  al.  1993, 
Kamiyama  et  al.  1993].  Compressive  strain  splits  the  heavy-  and  light-hole  valence  band 
degeneracy  and  results  in  a  reduced  in-plane  heavy-hole  mass.  This  reduces  the  density  of 
carriers  needed  to  reach  transparency  and  also  the  threshold  current  density. 

For  the  first  order  conventional  model,  assuming  parabolic  bands,  the  gain  of  a 


quantum  well  is  [Chinn  et  al.  1988] 
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(cm-l)  (D.l) 

ECoir^Co/lnLztj 

where  E  is  the  energy,  IMI^  is  the  transition  matrix  element,  nv,  jj  is  the  reduced  mass  for 
transition  i  to  j  (i  and  j  are  integers,  1, 2, 3. . . .,  referring  to  the  quantized  electron,  heavy 
hole,  and  light  hole  states),  Cjj  is  the  strength  of  the  transition  or  degree  of  wavefunction 
overlap,  Aij  accounts  for  the  polarization  dependence  of  the  i  to  j  transition,  fc  and  fy  are 
the  Fermi-Dirac  distribution  functions,  Eij  is  the  transition  energy,  H  is  the  Heavyside 
function.  Lz  is  the  quantum  well  thickness,  and  n  is  a  effective  group  refractive  index  of 
the  quantum  well  material.  The  transition  matrix  element  is  given  by  [Agrawal  and 
Dutta  1986] 


|M  p  *  (kg.J)  (D.2) 

12me(Eg  +  2Ao/3) 

where  Eg  is  the  quantum  well  energy  bandgap,  me  is  the  effective  conduction  band 
electron  mass,  and  ^  is  the  split-off  band  energy.  The  reduced  mass,  for  the  transition 
from  the  i^**  quantized  electron  state  to  the  quantized  hole  state,  is 

=  W  +  ""j*  (kg'*)  (D.3) 

Assuming  rigorous  k-selection  rules,  Qj  becomes 

0  ifi^j 

Qj  =  (unitless)  (DA) 

1  ifi=j 
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Considering  only  the  amplification  of  transverse  electromagnetic  (TE)  radiation.  Ajj  is 
given  by  [Chinn  etal.  1988] 


1^(1  +  E/Eij)  for  heavy  holes 

Aij  =  ^  (unitless)  (D.5) 

^(5  -  3E/Eij)  for  light  holes 


(D.6) 

(D.7) 


where  for  parabolic  bands  [Corzine  et  al.  1993] 

E.  =  Ec+(E-Eij)a  (eV)  (D,8) 

E|,  =  E,-{E-Eij)a  (eV)  (D.9) 


where  Ec  and  Ev  are  the  relative  energies  of  the  conduction  and  valence  band, 
respectively.  Finally,  the  Heavyside  function  H  is 


H(y)  = 


0 

1 


if  y<1.0 
if  y^  1.0 


(unitless) 


(D.IO) 
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Once  g(E)  is  found,  this  gain  is  convolved  with  a  spectral  lineshape  function  to  account 
for  spectral  broadening  due  to  intraband  scattering.  The  convolved  "snKX>thed"  gain  is 
given  by  (Corzine  et  al.  1993] 


G{tua)  = 


g(E)L(E)dE 


(cm**) 


(D.ll) 


where  G  {ho))  is  the  gain  at  photon  energy  ha,  and  the  integral  is  taken  over  all  possible 
transition  energies  (E).  A  common  phenomenological  lineshape  function  L(E)  is  the 
Lorentzian,  given  by  [Asada  1993] 


L(E)sl - ^ - - 

**  (E  -  haf  +  {h/Xcf 


(J**) 


(D.12) 


where  tc  (~1  x  lO’*^  seconds)  is  the  intraband  scattering  time. 

The  gain  calculation  proceeds,  using  Eqs  (D.l)  to  (D.12),  once  the  density  of 
carriers  in  the  quantum  well  is  known  or  defined,  assuming  charge  neutrality  such  that 
Ne  =  Ph  for  an  undoped  quantum  well,  where  Ne  and  Ph  (=  F)ih  +  P|h)  are  the  density  of 
free  electrons  and  holes,  respectively.  The  relationship  between  the  electron  carrier 
density  and  the  energy  difference  between  the  i^  quantized  electron  state  and  the  quasi- 
Fermi  level  in  the  conduction  band  (Eci  -  Efc),  assuming  parabolic  subbands,  is 

2 

N,  =  ilL!^  £  rtiei  In  ( 1  +  exp[-{Eci  -  EfcVlcBT])  (cm-3)  (D.13) 

Lz  i  =  1 


where  mei  is  the  in-plane  conduction  band  effective  mass.  The  equivalent  expression 
for  Ph  is 
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2 

PK  =  X  liLlaj:  £  mk  i  b  ( 1  +  cxp[-(Evi  -  EfvykBT])  (cm-3)  (D.14) 

k  =  hh,lh  h  Li  i=  1 

Thus  given  Ne  and  Ph.  Eqs  (D.13)  and  (D.14)  are  solved  for  Eci  -  Efc  and  Evi  -  Efv.  and 
then  Eqs  (D.l)  to  (D.12)  are  solved  to  determine  G  (Iko). 

The  reduction  in  energy  bandgap  due  to  many-body  interactions  is  taken  as 
[Chinn  et  al.  1988] 


AEg  » -(3  X  10-*)  (eV)  (D.  1 5) 

where  AEg  is  the  shift  in  F -point  bandgap  energy  due  to  the  volumetric  quantum  well 
carrier  density  Nqw  (in  units  of  cm*3). 

In  a  similar  manner,  the  rate  of  spontaneous  emission  is  [Zory  1993] 

R(E): - — Z  nH.ijCij[fc(l-fv)]H(E-Eij)  (l/J-cm2-s)  (D.16) 

£o  nio  CqH  Li  i,  j 

and  the  radiative  volume  current  is  given  by 

jRad  =  <\\  R(E)dE  (kA/pm-cm2)  (D.17) 

K 

Multiplying  Jrotl  the  quantum  well  thickness  gives  the  radiative  current  density. 

As  an  alternative  to  the  conventional  gain  model,  a  useful  semi-quantitative 
optical  gain  model  was  developed  that  is  far  less  difficult  to  implement  [Mittlestein  et  al. 
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1986].  The  model  only  considers  the  n=l  and  ns2  quantum  well  states,  and  no  distinction 
is  made  between  valence  and  conduction  band  states.  The  modal  gain  (Fg)  is  given  by 


FefEl 


2 


where  E  is  the  photon  energy,  the  constant  C  is  the  maximum  available  modal  gain  per 
quantized  state  (C  »  45  cm'*  for  a  Gao.5Ino.5P  quantum  well  surrounded  by 
(AlyGai.y)o.5lno.5P  y~0.5  barrier  layers),  En  is  the  quantized  state  energy  (n  =  1,  2),  and 
AE  »  ft/Xc  is  a  phenomenological  intraband  scattering  term.  As  before,  charge  neutrality  is 
assumed.  The  inputs  to  the  model  are  the  desired  carrier  density,  the  quantum  well 
transition  energies,  and  the  lattice  temperature.  The  transition  energies  are  calculated 
separately  beforehand  by  using  a  standard  finite  rectangular  well  model  that  accounts  for 
strain  [Bastard  1990,  Krijn  1991,  Weisbuch  and  Vinter  1991].  Given  a  value  for  Nc, 
Eq.  (D.13)  is  used  to  iterate  to  a  solution  for  Eci  -  Efc.  Then,  fc  is  found  from  Eq.  (D.6), 
and  Eq.  (D.18)  is  used  to  calculate  the  modal  gain  as  a  function  of  photon  energy  E  =  h(o. 
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